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CHAPTER 1 
1.1 Summary 
PVC resin, unlike most other thermoplastic resins, is an 
unusable material. Additives such as stabilisers, lubricants, 
processing aids, impact modifier etc are added to the basic 
resin. These 9dditives are to ease processing and to obtain a 
suitable final product. The ability to modify PVC made it possi-
ble to convert it in almost all processing machinery and produce 
'products ranging from flexible rubbery material to a rigid, high 
impact prorruct. It is the final compound including the additives, 
coupled with the processing conditions, which determine the prop-
"",,1-
erties of the material. The process of blending is therefore of 
great importance in the processing of PVC polymers. 
There are two main routes for compounding PVC materials, dry 
blending and melt compounding. In dry blending, all the additives 
are added and blended with the PVC resin, in a single process, 
producing free flowing powder using a high intensity rr,ixer. While 
in melt compounding, more than one process is employed, a premix 
- using a blender, e.g. ribbon blender, is first obtained, this 
mix is fluxed and then pelletised. Rigid PVC materials are usually 
processed from powder blends. Powder blends cost less, are easier 
to handle and can produce, in some instances, a better end product(l). 
This work has been carried out in order to get more insight 
and understanding of the dry blending process, as applied to rigid 
PVC formulations. It is a study of the effects of blending variables 
= 
on the characteristics and processability of the compounded 
material, and also the consequent effect on the properties of 
the end product. 
Dry blends were prepared under different conditions using 
simple formulations. The properties of each blend, such as 
bulk density, tap density, pourability and particle size dis-
tribution were determined. An increase in blending temperature 
causes an increase in bulk and tap densities of the powder blend, 
and in some instances their pourability. The processability of 
the powder blends was studied, using both the Davenport Capillary 
Rheometer and the Brabender Plastograph. An increase in blending 
temperature causes an increase in the extrusion pressure of the 
capillary rheometer. The effect of changing the content of lubri-
cant or processing aid on fusion properties is clearer than the 
effect of blending temperature. The pattern of change in most of 
the above results depends on the formulations used. 
The injection moulding process was used to·study the effect 
of blending on the final product. No change in tensile properties 
was found for samples tested at 200 C or at 60oC. However, there 
was a change in the method of fracture of the injection moulded 
samples, this varied with the stabilising system used. Compres-
sion moulding, where minimum shear mixing is encountered, was 
employed as another process for investigating the effect of blen-
ding on the final product. The increase or decrease in ultimate 
tensile strength was found to be dependent on the formulations 
investigated. Thermal analysis of the powder as well as the final 
product, was studied using differential thermal analysis (DTA), 
2 
also thermomechanical (TMA) analysis was employed on the final 
product. Blending has no effect on the glass transition tempera-
ture of the powder blend, except when ther.e is an additive that 
has an effect, in this· study it. was the tin stabiliser. 
1.2 PVC Manufacture 
1.2.1 Vinyl Chloride Monomer 
,Vinyl chloride monomer VCM (CH2 = CHC1) was first produced 
in the laboratory in the first half of the nineteenth century by 
-
Regnault b:( dehydrochlori nation of dichloroethane 
Soln of alc.KO~ CH 2 = CH Cl + HCl 
It is a gas, boiling at -14oC but it is usually stored 
or shipped under pressure as a clear colourless liquid. 
To produce VCM, ethylene is used in a two step sequence. 
It is first chlorinated to produce 1,2 dichloroethane, then 
pyrolysed producing vinylchloride and hydrogen chloride. 
5000 C 
CH2 Cl CH2 Cl --t CH 2 = CHCl + HCl 
Hydrogen-chloride is used either by the addition of acetylene in 
the presence of mercuric chloride as catalyst 
Hg Cl 
HCl + CH " CH ~ CH 2 = CHCl 
= 3 
" ", 
or by oxychlorination of ethylene, using copper chloride as a 
catalyst 
A more detailed account of the production of VCM is given by 
Albright(2). 
The discovery of a link between exposure to VCM and angio-
sarcoma, a particular form of liver cancer, has had a tremendous 
impact on the PVC industry. Several modifications have been 
introduced in PVC manufacturing plants designed to reduce the 
exposure to VCM of plant operators, fabricators of articles from 
PVC, and also to the general public due to VCM emission to the 
atmosphere surrounding PVC plants. Reviews of the historical back-
ground to the problem and also of the techniques used to reduce 
VCM to a level where no health hazard exists, are presented by 
Clayton(3) and Burgess(4). 
1.2.2 Polymerisation Methods 
The polymerisation of vinylchloride monomer is carried out 
under pressure. In common with many other vinyl monomers, polymeri-
sation proceeds by a free-radical mechanism, involving the usual 
steps of initiation, propagation and termination. There are three 
main methods of polymerisation of vinylchloride: 
1. Mass (bulk) 
2. Suspension (dispersion) 
3. Emulsion. 
4 
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A small amount of resin is produced by solution po1ymeri-
sation. 
1.2.2.1 Mass polymerisation 
This process became very important recently, after the 
French company Pechiney St Gobain developed a two-stage process. 
In the first stage (which is operated with strong agitation) 
monomer and initiator (which is soluble in monomer) are raised 
to a, reaction temperature, which depends on the mo1.ecu1ar· weight 
of the resin to be produced. Irrmediate1y polymer chains are 
formed, these chains agglomerate and form small particles in the 
range of 0.1 ~m. Conversion in the first-stage vessel is carried 
to the range of 8-10%. After the desired conversion is achieved 
the liquid is transferred to a second vessel. In this vessel the 
reaction is continued to 80% conversion, the solid resin precipi-
tates, then is discharged and vented (to remove the monomer and any 
other vo1ati1es that might be in the system). The main advantage 
of mass PVC is its high purity and it is claimed to have high 
clarity and good electrical properties. 
1.2.2.2 Suspension (dispersion) polymerisation 
The liquid monomer in which the catalyst is dissolved is 
dispersed by vigorous agitation in an aqueous phase to form drop-
lets. Each droplet behaves as a miniature bulk polymerisation. 
The stability of the dispersion is achieved by combination of 
agitation plus dispersion agents, such as po1y(viny1 alcohol), 
ce11u10sic derivatives etc. (5) The temperature is raised to 
= 
5 
40-500C and maintained until the required conversion of monomer 
to polymer is achieved (usually 80%)(6). A comparison between 
the suspension and mass polymers is presented by Mark(5) . 
1.2.2.3 Emulsion polymerisation 
Here the liquid monomer is emulsified in water, which con-
tains a water soluble catalyst. The kinetics of emulsion poly-
merisation are different from that of the bulk system. Initia-
tion of the polymerisation takes place in the micelle (a micelle 
is an aggregate of soap or surfactant molecules so arranged that 
their hydrophilic ends form an outer surface adjacent to the 
water and their hydrophobic ends gather together at the inside 
of the micelle), a free radical which was generated in the water 
phase in some way enters this micelle and starts polymerisation 
of monomer contained in the micelle. As the monomer in the 
micelle is polymerised more monomer diffuses into it from dis-
persed droplets. Emulsion PVC particles are smaller than suspen-
sion, generally less than 1 ~m, and are separated from the water 
by spray drying. 
1.3 PVC Morphology 
It is known that PVC powder grains - from suspension or mass 
processes - have an internal structure, which is responsible for 
the high porosity and absorption capacity for different additives. 
Bort et al(7), reported that bulk PVC consisted of particles of 
1-2 ~m in diameter which are linked together to form a three-
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dimensional sponge-like lattice. Shinagawa(8) showed that the 
particles in suspension PVC consist of aggregates of 1 ~m parti-
cles. Suspension PVC particles are covered by a skin which is 
formed by the chemical change of the colloid stabiliser during 
polymerisation and this is responsible for their smoothness. 
Emulsion PVC is composed of agglomerates 
of about 5000 ~ (0.5 ~m) in diameter(9). 
of spherical particles 
Hattori et al(lO) based 
on the results of their investigation into the effect of extrusion 
of the particulate structure of suspension PVC, suggested that the 
resin granule of 100 ~m in diameter consists of 1 ~m particles 
which build up with tight networks of fibrils, Figure 1. A simi-
lar diagram was suggested by Faulkner(ll), Figure 2, where the PVC 
particle is made up from primary particles approximately 10 nm 
diameter which are arranged in the form of microgranules of 
approximately 1 ~m. The primary particles, microgranules and 
powder particles, are termed as stage I, stage 11 and stage III 
as suggested by Faul kner for both mass and suspens i on PVC. 
The morphology of stage I, i.e. primary particles, or fibrils, 
is not well defined(12), and it is very difficult to draw any 
clear ideas. 
P H Geil(13) suggested the following terms (Table 1), as a 
common terminology for PVC morphology. 
8 
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TABLE 1(13) 
Term . Approximate size Origin of description I in typical PVC 
Grain 100 )lm Free flowing at room 
temperature 
Agglomerate 10 )lm Formed during polyme-
risation by merging of 
primary particl es 
Primary parti-cl e 1 )lm Fonned from single 
polymerisation site at 
conversion of 10-50% 
, 
Domain 100 nm Presence not clearly 
, proven, possibly formed 
by mechanical working 
-
within or from primary 
particles 
Nicrodomain 10 nm Crys ta 11 ite or nodule 
PVC morphology has been summarised in the following table: 
TABLE 2: SUMMARY OF PVC STRUCTURE(14) 
S-PVC l. Primary particle conglomerate to form powder 
grains of 100 )lm diameter. 
2. 10-20 nm fine structure forms 0.1-0.5 )lm medium 
structure which, in turn, forms 1.10 )lm coarse 
structure 
E-PVC l. E-PVC is made UD of 0.1-1 )lm particles (these 
aggregate to 100)lm particles) 
_. 
M-PVC l. 30-60 nm fine structure forms 5 ~ primary par-
ticles. The powder grain is formed from these. 
2. 1 )lm fine structure forms 0.1-2 )lm primary par-
ticles. The powder grain (approximately 
100 ~m diameter) is formed from these. 
3. Microparticles form macroparticles. 
9 = 
Chartoff(15,16) examined SPVC particles under a scanning 
electron microscope, and concluded that the basic granule mor-
phology (surface texture, aggregation of microgranule and poro-
sity) is of heterogeneous nature, i.e. it differs from one parti-
cle to another within the same resin. This was confirmed by 
Seiglaff and Krzewki(17) who also reported that, even within a 
single resin, porosity is not uniform. 
Under the influence of heat PVC particle boundaries (grain 
boundaries) remain intact up to 2000 C(14). Hattori et al (10) 
reported that heating up to 2200 C for three minutes breaks down 
the 1 vm particles into 300 2 fibril structure. It is generally 
agreed that the 1 vm particles remain intact up to 190 0C(14,15,16) 
by extrusion i.e. under the influence of heat combined with shear. 
Hattorj et al(lO) found that the exact temperature depends on the 
additives, for example, with lead formulations (solid with high 
melting point), at 1800 C the 1 vm particles will start to loosen 
and form a network all over the specimen, at 1900 C the network 
will start to disintegrate and thus breakdown to fine threads 
o 
ca 300 A. Thi s . wi 11 be compl eted at 2000 C, above 200°C they 
reported no more change, whilst in the case of tin (liquid) stabiliser the 
1 vm particles completely disintegrate at 180°C to a fibrillar 
structure. 
The morphological structure of PVC resin has a profound effect 
on its rheological properties. Berens and Folt(9, 18,19) investi-
gated extensively the flow behaviour of PVC resin, both emulsion 
and suspension, at different temperatures, using a capillary flow 
10 
rheometer and compression moulding. By examining the fracture 
surfaces of extruded or moulded samples, they suggested that 
flow occurs, mainly. by particle slippage, ie PVC particles are 
the flow units, and the PVC particle boundaries are retained. 
This results in relatively low melt viscosity. In comparing 
the melt viscosity of emulsion and suspension PVC(18) they 
reported that the effect of particle structure, i.e. size and 
shape, decreas-es by the increase of temperature. The emulsion resin 
flow ten times faster than the suspension PVC at 160oC, but only 
twice as fast at 200oC. Fracture surface morphology(9) indicated 
that the loss of particle identity occurs near 200oC. Their work 
on the effect of particle size and molecular weight(19), showed 
that the resin particle structure affects flow behaviour at least 
up to 210°C. 
Studies(20,21) of the flow of stabilised PVC resin, in the 
t2mperature range 160-2300C, show that there are two flow activa-
tion energies. The low temperature region, which is characterised 
by particle flow, has.a low activation energy at constant shear 
rate, whereas in the high temperature region where molecular flow 
becomes important, the flow activation energy has higher value. 
Collaborative work by IUPAC(22), concluded that there may be slip 
below 180°C, while above 180°C there is no evidence of slip. 
From the above review we can conclude that particle or domain 
flow play a major role at the temperature of testing in this work, 
180oC. 
11 
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1.4 Compounding of PVC 
PVC resin is never processed without additives, which faci-
litate processing and give a· satisfactory end product, such 
additives include plasticisers, stabilisers, lubricants, fillers 
or polymeric modifiers. 
1.4.1 Compounding Ingredients 
Rigid PVC compound will normally consist of the resin (this 
may be a copolymer for easier processing), the stabiliser(s), a 
modifier and/or lubricant. Some rigid compound may also contain 
a small amount of plasticiser(23) to facilitate. flow. 
Klein(24) and Bareich(25) have shown. that a computer can be 
used in obtaining the optimum formulations of compounding variables, 
i.e. additives, processing, final product and cost, by using their 
correlation studies. 
1.4.1.1 Stabilisers 
Poly(vinyl chloride) is susceptible to degradation under the 
influence of heat and light. As has been stated by Grassie(26), 
"Had this polymer been discovered at the present stage of develop-
ment of the plastic industry, it would almost certainly have been 
eliminated as useless because of its general instability to all 
common degradative agents". The use of stabilisers in PVC formula-
tions is responsible for the commercial importance of PVC. 
Degradation of PVC is due initially to a loss of hydrogen 
chloride, which commences at a site on the molecule either containing 
12 
or adjacent to a tertiary or allylic chlorine atom. The elimina-
tion of the first molecule of hydrogen chloride and the subsequent 
formation of an unsaturated double bond on the PVC chain then 
activates the neighbouring chlorine atom, which is now structu-
rally located as an allylic chlorine and thus facilitates the sub-
sequent elimination of another hydrogen chloride molecule, with 
the process continuing to repeat itself. Under processing condi-
tions the hyd;ogen chloride vapour produced-corrodes the metal sur-
face, of the processing machinery and moulds. 
A stabiliser or mixture of stabilisers should ideally (a) absorb 
and neutralise the hydrogen chloride evolved by the resin during 
processing and in the final product, (b) displace the active labile 
substituent groups, such as the chlorine atom attracted to a 
tertiary carbon, or an allylic chlorine, (c) neutralise or inacti-
vate the degradation product, e.g. heavy metal chloride, (d) neutra-
lise or inactivate resin impurities, contaminant catalyst residue 
and so on, (e) have the abil ity to disrupt progression of unsaturation and 
(f) provide a shield, protective screen, or sink for ultraviolet 
radi a ti on. 
The main types of stabilisers used for PVC can be classified 
into four general groups: basic lead salts, mixed metal salts, 
organotin stabilisers and miscellaneous special purpose stabilisers. 
a) Basic lead salts 
These stabilisers are usually used in the stabilisation of 
PVC compounds used for electrical insulation applications, e.g. 
13 = 
wires, cables and in photographic records. They are also used in 
the stabilisation of rigid PVC pipes, for sewage and effluents. 
Examples of common lead stabilisers, di- or tribasic lead sul-
phate, basic lead carbonate, dibasic lead phthalate. 
The main advantages of these stabilisers are low cost and 
they do not need a costabiliser like other metallic stabilisers. 
However these stabilisers are insoluble and are not used when 
clarity is a prime prerequisite or when toxicity presents a 
hazard. Also they are. prone to sulphur staining when any lead 
stabilised PVC composition is exposed to industrial atmosphere 
rich with hydrogen sulphide, where it will gradually take on a 
chocolate brown to black appearance. 
b) Mixed metal salts 
These consist of a broad group of materials, mostly combina-
tions of two or more metallo-organic salts, plus certain selected 
materials. Due to their high efficiency, as stabilisers, they are 
used in the majority of applications. Their high efficiency results 
from the apparent 'synergism' that occurs when a heavy metal salt 
(zinc, calcium, stannous, tin etc) is used in conjunction with an 
alkali or alkaline earth metal salt (sodium, potassium, magnesium, 
calcium, barium etc). 
c) Organotin stabilisers 
These are usually dibutyl or dioctyl (or diiso octyl) tin with 
organic materials such as certain fatty acids (mostly lauric and 
14 
maleic) and thio compound, e.g. mercaptoacid(27). 
Most of the organotin stabilisers and their chlorides (resi-
dual products), are soluble in PVC and in almost every type of 
plasticiser, so the degree of clarity they confer on PVC com-
pound is unexcelled by any other metallic stabiliser system. 
Organotin stabilisers do not form coloured sulfide stains, 
(except tin mercaptides), as stabiliser systems based on cadmium 
or lead do, where they cross-stain when they come into contact 
with any metal that forms sulphide stains. 
Their main disadvantage is their high cost, organotin stabi-
-
lisers are approximately three to four times as expensive as the 
average barium-cadmium system and about five times as costly as 
the average lead stabiliser, on a ' weight basis(28). Due to their 
high efficiency, however, the amount needed is very small, so the 
compounder may end up with a saving in compound cost. Another dis-
advantage is their toxicity, although there are a few organotin 
stabilisers which are allowed for food contact use(29). These are 
of particular importance in the production of PVC bottles for bev-
erages and for food packaging films. 
d) Miscellan~L's special-purpose stabilisers 
Such examples are dntimony derivatives, e:g. antiQony-S,S', S"-tris 
(iso octyl) mercaptoacetate, and organic compounds which are used 
. as primary stabilisers. 
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1.4.1.2 Lubricants (~~~\ 
Unplasticised polyvinylchloride is processed at a very high 
melt viscosity. By increasing processing temperature the melt 
viscosity is reduced, but the problem of heat stability will 
arise. Even if processing machines are designed to deal with 
high melt viscosities, shearing in these conditions will cause 
the internal stock temperature to increase, causing serious ther-
mal stability problems. Lubricants are added in unplasticised PVC 
compounds to reduce melt viscosity and control frictional heat 
build-up as well as to promote release from the metal surface of 
the processing equipment. In the case of plasticised PVC, the 
primary function of lubricants is controlling the metal adhesion, 
since the plasticisers lower melt viscosity and minimise frictional 
heat buil d-up. 
Lubricants are generally classified as external or internal 
according to their mechanism of lubrication. External lubricants 
have poor or limited compatibility with the PVC melt at processing 
temperature, so they form a lubricating layer between a metal surface 
and the melt. Also, due to their low compatibility they will promote 
slippage between resin particles, reducing frictional heat build-up 
and delaying fusion. Fusion may be inhibited at high levels of 
application, because resin particles would be coated with excess 
lubricant. Internal lubricants have good compatibility with PVC 
and function primarily by allowing polymer chains to move past one 
another easily, reducing internal friction and therefore viscosity. 
lS 
There is a wide range of lubricants covering the span from strictly 
external-e.g. polythene waxes to internal-e.g. butyl stearate. A 
number of workers have descri bed 1 ubri cants as i nterna 1 or external 
on the basis of a number of different observations. Marshal 1 (30) , 
for example, uses the concept of compatibility limit and clarity 
as incompatibility produces haze. Illman(3l) has shown that com-
position and structure directly 
Other variables such as wetting 
affect a lubricant's performance. 
behaviour(32) and angle of contact, 
glass transition temperature(33), are also used. - (34) Fusion behaviour 
,and melt viscosity(35) are among the most common tests. Davis and 
Fraser(36)_attempted to classify lubricants according to their 
purpose rather than the mode of action. It was shown that the 
effect of some lubricants on fusion time could be changed drasti-
cally when used in combination with other lubricants(37). Also, it 
was reported that there is an interaction between impact modifier 
and lubricants(38), i.e. a lubricant system that is optimized with-
out impact modifier may exhibit quite different properties when a 
modifier is used. 
1.4.1.3 Fillers 
Fill ers are used for a va ri ety of reasons, one of whi ch is 
to reduce the cost of PVC formulations. Although one of the princi-
pal reasons for using fillers is to reduce cost, some of them do 
confer desirable properties, for example, the use of calcined clays 
and other fillers in cable compounds improve insulation resistance. 
17 = 
Some physical and chemical properties are impaired by the 
addition of fillers, but through careful selection of filler type 
and amount, deterioration in properties may be minimised. It is 
interesting to note that the reinforcing effect obtained with a 
carbon black in rubber doe~ not occur in PVC. 
A wide variety of fillers have been used in the compounding 
of PVC. One of the most widely used fillers in PVC is calcium 
carbonate, either as natural whiting, precipitated calcium car-
bonates, or in fatty-acid coated forms. Mineral type fillers, 
such as clay and calcium carbonate, are frequently treated with 
fatty acids, such as stearic acid and salt such as calcium stea-
rate. These coatings tend to reduce oil. absorption and improve 
gloss during processes such as extrusion(39). 
1.4.1.4 Co10urants 
There are two types of co1ourants: those that are soluble 
in the compound (dyes) and those that are insoluble (pigments). 
Dyes have limited use in PVC, except at low concentration. 
Their main disadvantage is their tendency to migrate and the ease 
of extraction which is particularly serious with plasticised PVC. 
Pigments may be divided into two groups or categories. 
Inorganic: this group includes titanium dioxide, chromium oxide, 
ultramarine blue, molybdate orange, metallic powder and flakes. 
Organic: ,these pigments include phtha10cyanine, quinacridone and 
benzidines. 
1 ,. 
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1.4.1.5 Plasticisers 
A plasticiser is a material which, when added to a polymer 
decreases the effect of intermolecular forces along the chain. 
The reduction of these forces and Tg (glass transition temperature) 
through the introduction of a plasticiser increases flexibility, 
softness and elongation. 
Certain criteria should be met in selecting a plasticiser. 
A plasticiser should be cheap, compatible, (usually plasticiser 
materials have similar solubility parameters to that of PVC), 
, 
permanent (i.e. resistant to migration or extraction), heat and 
light stable, resistant to staining, non-toxic, non-volatile, non-
flammable, of low cost, no odour and have good low temperature 
properti es. 
There are several methods of classifying plasticisers: 
a) according to their chemical structure, i.e. phthalate, phos-
phate, epoxides, etc. 
b) according to their solvating power and compatibility with PVC 
i.e. primary or secondary; 
c) according to their end usage, i.e. general purpose etc. N.e. 
DPB, and DOP are the most common. 
d) according to their molecular weightsi.e. monomeric or poly-
meri c. 
There is a great deal of information in the literature about 
plasticisers for PVC. A survey of the materials used as plastici-
sers, their manufacture, availability, properties and identifica-
tion, as well as their performance characteristics in PVC composi-
tion, is presented by Kranstoff(40). 
= 
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The process of intimately combining the PVC resin with 
other components required for processing and performance at 
minimum cost is referred to as mixing. The mixing operation 
could be divided into two major classifications: melt compoun-
ding and dry blending. Reviews of these are found in the lite-
rature with some economic considerations(41-44). 
1.4.2 Melt Compounding 
This process cons'ists of preparation of a premix, then 
fluxing of this premix followed by pelletising of the product, 
prior to feeding the processing equipment. 
The most popular pre-mixer is the ribbon blender or tumble 
blender, which thoroughly disperse the ingredients. Heating and 
fluxing is usually carried out by either a two roll mill or in an 
internal mixer or extruder. These are not used in this work. 
1.4.3 Dry Blending 
In this process all ingredients are added to PVC resin in 
a single operation, producing a free flowing powder. Rigid PVC 
products are usually(6) processed from powder blends. Advantages 
of processing PVC in the powder form may be summarised(l, 44-47) 
Reduction in compounding costs by the elimination of the 
gelation process 
Lower amount of stabiliser and lubricants are needed 
There is saving in machinery, no pelletising machinery is 
needed 
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Products manufactured from powder blend has lower heat 
history because they are gelled only once, so thermal 
stresses are reduced and products have better heat 
stabi 1 ity. 
This was confirmed by Szamborski(l) by a study carried on 
injection moulded PVC from pellets and powder, under the 
same conditions. He reported that parts which are injec-
tion mouTded from powder blends exhibit greater oven ther-
mal stability than those from pellets. 
Powder is easier to process because it is easier to heat 
up powder 
time(49) . 
blends than pellets, and requires lower fusion 
Szamborski(l) also reported that powder has better 
flow behaviour, in the sense, that lower injection pressures are needed 
with powder blends to get full parts, than for the pe11etised 
compound. 
Any difference in the gelation of pellets, e.g. if some are 
over gelled compared to others, will result in a non-uniform 
end product. This difficulty is not faced in powder blends. 
Only basic materials need be stored and additives can be incor-
porated at any time. 
In direct extrusion of rigid PVC powder, the extruder must 
be able to flux the powder, remove air and other volatile gases 
from the powder and melt, and deliver a melt to a die at a con-
stant rate at uniform pressure, temperature and viscosity. 
= 
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A discussion of the problems that may arise in direct extrusion 
of dry blends and their remedies is presented by Prejean(46). 
Extrusion of irregular shapesis made feasible by appropriate 
improvement in the die(48). Higher output of production could 
be achieved by having a screw with greater flight depth and 
higher compression ratio(6). 
The above studies were made on powder blends up to 1200 C 
or more, but Morohashi (49) studied the p"oblems encountered in 
extruding PVC pipes from ble~ds, which were blended for 90-120 
seconds. Excellent PVC pipes were produced from these cold blends, 
provided that specially designed extruders were used. 
Generally, providing that the right formulations and machines 
are used, powder processing offers not only economic advantages, 
but also better final products. 
1.5 Rheology - Introduction 
Rheology is the science dealing with the deformation and 
flow of matter. A body is said to be deformed when application of 
an appropriate force alters its shape or size. A body is said to 
flow when the degree of deformation changes, continuously with 
time. In most forming operations the substance being fon-,led 
must flow in order to be shaped and then must solidify while it 
still retains the shape of the mould or die. 
Polymers show a dual nature in their rheological behaviour; 
at times they show the features of elastic solids and at other times 
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they behave like viscous liquids. Most polymeric materials at 
some stage in their responses display both these characteristics 
and are described as viscoelastic. 
However, there is one common factor between solids, liquids 
and all these intermediate materials. If we apply a stress or 
load on any of them they will deform or strain. The deformation 
may be instantaneous or it may continue with time. 
Many mathematical models ·have been developed relating shear 
stress, shear rate and time to illustrate the rheological behaviour 
'of some important classes of materials. It should be noted that 
they usualiy refer to idealised materials and the behaviour of 
real materials - especially under real conditions - is often very 
di fferent. 
1.5.1 Ideal Solid (Hookean Solid) 
This material obeys Hooke's Law, i.e. the strain is propor-
tional to the stress; the ratio of stress to strain is a constant 
characteristic of the material, this proportionality constant is 
called the modulus of elasticity. 
In case of shear 
T G - -y 
where T = shear stress 
y = shear strain, 
and G = the modulus of rigidity or shear modulus. 
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It follows that the deformation produced in the body is 
wholly recoverable after the removal of the force. This law 
generally applies to most elastic materials for very small 
strains. 
1.5.2 Newtonian Fluid 
Such fluids are characterised by having a viscosity which 
is independent of shear rate, i.e. shear stress is proportional 
to shear rate. over extended ranges of the variables. 
F du p 
tdu j 
J 
J 
dy J 
i 
B 
FIGURE 3: Shear deformation of Newtonian fluid 
The stress deformation behaviour can best be illustrated by 
considering a fluid located between two plates (P) moving and 
(9) stationary, separated by a distance dy, Figure 3. Applying a 
force F to plate P results in a constant velocity relative to 
plate B. Assuming laminar flow and steady state the shear stress 
can be defined. 
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F 
T = A 
where A is the surface area of plate P. In time t, a fluid 
particle will tr.avel a distance tdu and the flow deformation will 
be: 
wher~ y is defined as shear strain. 
--Ra te of deformati on 
du y = cry 
where du/dy is called rate of shear, or velocity gradient 
J.l = T/ du ay 
where J.l is the fluid viscosity 
du 
T = J.l ay = J.lt 
= 
25 
1.5.3 Non-Newtonian Fluids 
Many real materials, especially polymer melts, show consi-
derab1e deviation from Newtonian behaviour, and are termed non-
Newtonian. Non-Newtonian materials can be classified into three 
broad types of flow behaviour. 
1.5.3.1 Time independent fluids 
Shear rate is a function of shear stress only, i.e. 
y = f(T) 
Different relationships could exist between shear rate and 
shear stress. Figure 4 shows four basic types of relationship: 
fluid 
Pseudop1astic fluid 
Shear rate, , 
FIGURE 4 Shear stress-shear rate relationships for Bingham 
bod1es, d11atant flu1d. and pseudoplast1c flu1d. 
compared w1th a Newtonian material, T lS the yield 
p01nt y 
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The Newtonian behaviour is a special case of y ~ f(T) 
where a straight line relationship exists. 
Bingham plastics undergo deformation when they reach a 
yield point owing to applied stress, above which the shear rate 
increases linearly with shear stress 
1 y ~ ~ (T - Ty) when 
, The other two types of behaviour, pseudoplastic and dilatant 
'are better illustrated by plotting the slope of! vs y i.e. 11 y a. 
(apparent -viscosi·ty) vs shear rate, Figure 5. 
Dil a tant fl ui d 
.~ 
V1 
~:~e===~--------~-------------- Newtonian fluid 
.~ 
> 
..., 
'" QJ 
'-
'" 
Pseudoplastic fluid 
Shear rate (y) 
FIGURE 5 Apparent viscosity - shearra:tecurves for a 
dilatant fluid, a Newtonian and pseudoplastic 
fluld, which have the same apparent V1SCOSlty 
at zero shear rate 
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Di1atant materials are those in which viscosity increases 
with rate of shear. 
Pseudop1astic materials are characterised by having a 
viscosity which decreases with increasing rate of shear. This 
class of materials probably" has the greatest r.ange of industrial 
application since solutiontof high polymers and polymer melts follow 
this behaviour. 
Further details about classification of non-Newtonian fluids 
and equations of theirbehav-iour are covered by Ske11and(50). 
1.5.3.2 Time dependent fluids 
These are the fluids which have their flow properties changed, 
such as their apparent viscosity, with the time of shearing. In 
some cases the change is reversible, for others it is irreversi,b1e. 
1.5.3.3 E1asticoviscous fluids 
This term is used to describe the behaviour of some materials, 
which may be outwardly liquid and capable of indefinite deformation, 
but on release of the deforming stress, they show some recovery 
in shape, e.g. die-swell. 
1.6 Fabrication of PVC 
Plasticised and rigid PVC material can be processed by almost 
all plastic converting processes. It can be compression, injection, 
blow or rotational moulded. It can be ca1endered or extruded. 
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It can be electronically sprayed, slush and dip coated. 
Articles ranging from soft foam to high pressure rigid pipes 
can be produced. -Table 3 summarises PVC processing. 
In this work, unplasticised PVC formulations were investi-
gated, through two methods of fabrication, compression and injec-
tion moulding. 
1.6.1 Compression Moulding 
, In this process the plastic material is placed in the mould, 
'then by means of heat and pressure, it is forced to flow and fill 
the mould ~ompletely, providing sufficient material is placed in 
the mould. In PVC application compression moulding is mostly used 
for the production of high quality phonographic records. PVC 
material used, should have good flow characteristics, so that it 
could flow easily and accept the finer details of the grooves in 
the disc. The 15% vinyl acetate - vinyl chloride copolymer is a 
typical material used for this purpose. 
1.6.2 Injection Moulding 
The injection moulding process is much used in the plastic 
industry and has been the subject of a great deal of work. 
Basically it consists of heating and homogenising the material in 
a heated barrel, then injecting it under pressure into a relatively 
cold mould, where it will solidify. The moulded article is then 
ejected from the mould by means of ejector pins, compressed air 
or some other device. It is a versatile process where articles 
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ranging in weight from a fraction of an ounce to several pounds 
can be produced. 
The early injection moulding machines were of the plunger 
or ram type. These consist of a barrel heated with electrical 
resistance bands in which a spreader or torpedo is fixed. The 
torpedo is also heated in some machine designs. 
Basically, the injection moulding process may be divided 
into five steps: 
a) the mould closes and moves ,up against the nozzle; 
b) the plunger moves forward and pushes raw material into the 
cylinder, at the same time injecting homogenised melt into 
the mould; 
c) the plunger remains forward for some time, still maintaining 
pressure through the nozzle, while the material in the mould 
is cooling and setting; 
d) the plunger withdraws, the mould remaining closed and a fresh 
supply of polymer falls from the feed hopper into the barrel; 
e) the mould moves away from the nozzle, opens, and the moulding 
is removed. 
With the advent of the screw type of injection moulding 
machine, the processing of rigid PVC became possible. The reci-
procating screw injection moulder is similar to a single screw 
extruder in 'that the shear developed from rotation of the screw 
is largely responsible for heating the compound and producing the 
homogeneous melt. In a reciprocating injection moulding machine 
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the thermoplastic resin flo~!s from the hopper into the cylinder. 
As the screw rotates the granules or powder are conveyed forward 
and melted. As the mass collects ahead of the screw, it exerts 
pressure on the end of the screw and forces it backwards. 
Suitable back pressure adjustment is very important to obtain 
ultimate homogeneity of the plastic being moulded. The screw is 
fitted with a stroke limiting device, usually a limit switch, which 
stops the screw rotation when it reaches the position corresponding 
to the volume of melt required for the shot. When the mould is in 
position the screw moves forward to inject the melt ahead of it 
, 
and forces it through the nozzle into the mould. Rotation then 
begins to prepare for the subsequent shot. 
The plunger system is satisfactory for many purposes, but 
suffers from two main disadvantages: (a) the difficulty in main-
taining a consistent shot delivery into the mould, (b) the problem 
of ensuring adequate plasticising of the material in the barrel 
without overheating. 
The primary advantage in using a reciprocating screw machine, 
lies in the uniformity of melt obtained which produces higher 
quality mouldings at lower temperatures and apparent pressures. 
f 1.7 Previous Work at IPT 
The work reported herein forms a part of a current research 
work concerning the study of the structure-property relationship in 
PVC, as a function of processing history of the polymer. 
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Initially, work studied the effect of annealing 'time and 
temperature on the crystallinity of commercial PVC resin(5l,52). 
The structural changes which occurred in the polymer were exam-
ined by density measurement, differential thermal analysis and 
X-ray diffraction. AnneaHng below Tg causes an increase in sample 
density and in the endothermic peak area of a thermogram with time 
and temperature of annealing. This was not attributed to an increase 
in crystallinity but to a change in free volume. This conclusion 
was confirmed by X-ray measurements. X-ray results showed that 
annea.l i ng above Tg causes an increase in crysta 11 i nity. Entha 1 py 
changes and density measurement demonstrates an increase in crysta-
llinity with time of annealing, also showing that the increase 
occurs fai rly rapi dly. 
Compression moulding (where only minimal shear is experienced) 
was used as a route for the study of structure/property relation-
ship. Effect of mould temperature, pressure and time of moulding 
were studied. Results from thermal analysis showed that changes 
occurring in the sample were most affected by mould temperature. 
A series of mouldings at temperatures ranging from l600 -220oC were 
studied. Thermal analysis and X-ray diffraction results showed 
that crystallinity decreased by increasing mould temperature. 
Sample density also decreased by increasing mould temperature; 
this corresponds to decrease in primary crystallinity. A gradual 
increase in tensile yield stress and impact strength was observed 
by increasing mould temperature(53). These results suggest that the 
development of adequate properties depend on fusion of particles, 
which is accompanied by a recrystallisation process. The fracture 
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surfaces of specimens from these mouldings were examined using 
scanning electron microscopy. It was found that failure of a 
tensile test specimen is essentially inter-particle for low 
moulding temperature, whilst at higher temperatures there is a 
steady transition to intra-particle failure(~. 
A considerable part of this programme is concerned with the 
study of the relationship between injection moulding variables and 
the final product(55). Despite the relative low level of 
crystallinity in rigid PVC, a layered structure can be detected 
,in injection moulded samples. The variables studied included: 
injection ~ate, melt temperature, mould temperature and mould 
and gate geometry. Effects of each variable on skin/core morpho-
logy, orientation through heat shrinkage, density, X-ray diffrac-
tion and the mechanical properties have been examined. 
The relative thickness of skin/core was found to depend orr 
mould and melt temperature and also on mould geometry. X-ray 
studies showed that different crys"tall ine structures were present 
in the skin and core of the moulding. The observed relationship 
between skin thickness and shrinkage, an increase in skin causes 
an increase in shrinkage, suggest that orientation in the moulding 
is largely confined to the skin(55l. 
In all of the above work compounding has been carried out 
in an 8 litre T K Fielder high intensity mixer under the same 
standard conditions. Whilst the effects of compression and injec-
tion moulding variables on the final product had been investigated, 
the work reported herei n is comp 1 ementa ry work, v/here the effects 
of blending conditions are investigated on several formulations. 
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CHAPTER II 
2.1 Materials Used 
Two commercial grades of PVC resins have been used in this 
work. Corvic S62/109 a suspension PVC, supplied by ICI and 
Breon M-80/50, a mass PVC, supplied by B.P. They a re referred 
to as SPVC and MPVC respectively throughout this work. Techni ca1 
data for these resins is given in Tables 4 and 5. 
These two polymers have been chosen because they have 
industrial and commercial importance. The manufacturers have 
.indicated that these grades will be commercially available for 
a long period of time. 
2.2 Formulations 
Simple rigi"d PVC formulations were used in this study. 
The additives were added at levels usually applied in commercial 
production. Solid tribasic lead sulphate (TBLS) or liquid 
(Stanc1ere T135) as stabilisers, powder calcium stearate and 
stearic acid as lubricants, and Para10id K175 as a processing 
aid, were employed in this research work. Tables 6, 7 and 8 
show some typical properties of these additives. 
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TABLE 4: TECHNICAL DATA OF BREON M80/50 
Specific viscosity (0.5% solution in cyclohexane) 
K-va 1 ue 
Viscosity No (ISO method R.174:l96l) 
Bulk density (BS 2782, Part 5, Method 501A) kg/m3 
Particle size ~m 99.9% minimum 
90% minimum 
6% maximum 
TABLE 5: TECHNICAL DATA OF CORVIC S62/l09 
K-va 1 ue 62 
Vi scos ity No (ISO-R174) 95 
Packing density (g/ml) 0.64 0.64 
Apparent density (ISO-R60) g/ml 0.59 
Relative density (Archimedes method) 1.40 
Weight passing 60 mesh (250 ~m) % 99.9 
Weight passing 200 mesh (75 ~m) % 5.0 
I Volatile content 0.2 
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0.39-0.41 
56-58 
78-82 
640-680 
<250 
>100 
<" 63 
Note 1 
Note 2 
Note 3 
Note 3 
Note 4 
Note 1: 
Note 2: 
Note 3: 
Calculated from relative viscosity data obtained by 
method ISO-R174. 
From volume of 20g of polymer in cylinder dropped 30 
times from a hei.ght of 51 mm (2 ins) 
Weight % passing appropriate. mesh· sieve (85410:1969) by sie-
ving dry polymer for 30 minutes in humid air 
Note 4: Weight loss after one hour at 1350 C (2950 F). 
TABLE 6: PROPERTIES OF TBLS 
Compound 
Formula 
. Form 
Colour 
Bulk density g/l 
Specific gravity 
Lead content % 
Tribasic lead sulphate 
3 PbO PbS04 - H20 
Powder 
White 
1200 
7.2 
83.4 
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TABLE 7: PROPERTIES OF STEARIC ACID (S/8130) 
Compound Steari c Aci d 
Formul a CH 3 (CH2)16 COOH 93% C18 
Other similar acids content (carboxylic aci ds) 5% C16 
2% C20 
Melti ng point 64-67oC 
Form Powder 
Mar)ufacturer Fison Chemicals 
TABLE 8: PROPERTIES OF PARALOID K175 
Appearance 
Bulk density 
Specific gravity 
Particle size 
Manufacturer 
Fine, white, free flowing powder 
0.5 - 0.6 g/cc 
1.08 
Nil retained on 30 mesh screen 
20% maximum through 325 mesh screen 
Rohm and Haas Co. 
38 
= 
TABLE 9: FORMULATIONS INVESTIGATED 
, 
1. SPVC 100 pphr 
TBLS 4 pphr 
Calcium stearate 1 pphr " 
. 
2. SPVC 100 pphr 
Stanc1ere T135 4 pphr 
Calcium stearate 1 pphr 
-
3. MPVC 100 pphr 
TBLS 4 pphr 
Calcium stearate 1 pphr 
4. MPVC 100 100 100 100 pphr 
TBLS 4 4 4 4 pphr 
Stearic acid 1.0 0.75 0.5 0.25pphr 
5. MPVC 100 100 100 pphr 
I TBLS 4 4 4 pphr I 
I Para10id K175 5 3 1 pphr 
I 
t 
1
6
. 
MPVC 100 100 100 pphr 
Stanc1ere T135 4 4 4 pphr t 
! 
I Para10id K175 5 3 1 pphr ! 
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2.3 Blending 
Before the resin can be processed, stabilisers, lubricants, 
processing aids and-pigments must be added. Once the proper 
formulation has been determined they must be dispersed in the 
PVC resin. 
A T.K.Fielder, high intensity mixer was used, it is a 
laboratory siz_~ mixer with an 8 litre capacity. It could be 
looked at as a mixing unit and cooler. A schematic diagram and 
pictures of the Fielder are shown in Figures 6 and '7 .1,~The 
'heater mixer is a cylindrical bowl, in its jacket stl~;~Oil 
.. .... 
'". ",t--i-. 
or water (of predetermined temperature) can be circulated:. XO 
increase the temperature of the mixed material (56). It is\t\ 
from a highly polished stainless steel to prevent sticking of 
the material to the walls. A vertically mounted stationary blade 
acts as a deflector, the angle of which is adjustable; its func-
tion is to direct the flow of material away from the wall into the 
vortex of material made by the propeller, to optimise the mixing 
action: Incorporated in the blade is a temperature sensing thermo-
couple, protruding from the bottom and connected to an indicating 
pyrometer. Cha rgi ng hatches are provi ded in the 1 i d so that the 
mixer lid need not be removed when adding liquid or solid,addi-
tives., At the bottom there is a propeller type rotor, with a 
speed range from 500 to 4000 rpm. The high speed rotation of these 
rotors will create a vortex mixing action providing extremely uni-
form blending of all components. The rotor blades have a strong 
impact, shearing and frictional effect on In the 
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(a) 
(b) 
Figure 7&- T.K. Fielder laboratory mixer/cooler. 
b - Its impeller. 
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process of mixing, friction also occurs between PVC particles 
themselves and also with the wall, causing the temperature of 
the material to increase. After reaching a certain degree of 
blending (dependent on rotor speed and time or temperature) the 
material is dumped into a cooler mixer through the discharge valve 
Cooling is essential to remove heat from a heat sensitive mate-
rial such as PVC. Also, if the material is not cooled it will 
form large lumps which will greatly impede the feeding operation 
during moulding. The cooler mixer is mounted below the intensive 
mixer. It has lower height, larger diameter and about twice the 
capacity of the intensive mixer, so as to give the maximum cooling 
surface. Cold water is circulated in the jacket, to increase the 
rate of cooling. The rotor speed is usually lower than that of 
the hea ter mi xer. 
Dry b 1 endi ng conditi ons 
Following the conclusions drawn from previous work in this 
laboratory(54), that loading the mixer with PVC resin alone will 
lead to caking up, part or all of the lubricant should be added 
at the start of the work. Also, because we are only using simple 
rigid PVC formulations, and a free flowing powder is required, 
it \~as deci ded that a 11 sol id additi ves woul d be loaded at the 
beginning(46) and when there is a liquid to be added, in this 
work Stanclere T135 stabiliser, ~t is added when the temperature 
of the blend lies between 500 C and 700 C. 
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Control of the blending process in formulations 1,2 and 
3 was done by varying rotor speed and time of mixing, i.e. energy 
input. Characterisation of the blends will be mostly presented 
in terms of their drop temperature from mixer to cooler. 
Stearic acid with a melting point between 64-670C, is used 
as a lubricant, see Section 1.4.1.2. In fonnulation 4, blends ~/ere 
made at 40°, 90°, 120° and 140°C of the 1 pphr stearic acid, 
while the 0.25, 0.5 and 0.75 pphr stearic acid were blended 
only at 120°C. 
Differential thermal analysis of Paraloid K175, see Figure 
8, shows that it has two transition temperatures, one at around 
380C and the other at 120°C. Blends were made at 250, 90°, 120° 
and 140°C of the 5 pphr Paraloid K175, while the 1 and 3 pphr 
Paraloid K175 only at 120oC. 
2.3.~ Injection Moulding 
Injection moulding can be a very severe process, due to 
the high shear involved. So, the injection moulding of a heat 
sensitive material such as PVC has to be handled with care, using 
proper formulation, and high levels of stabilisers and lubricants 
are needed. Properly designed machines(57) and proper setting up 
of injection moulding conditions to prevent degradation and stag-
nation of the melt in the machine are important. It is advanta-
geous to use dry blend in injection moulding, due to the lower 
heat exposure of the powder compared with pellets. Mould and scre\~ 
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surfaces must be protected .from the attack of HCl by plating 
(usually chrome), venting is also essential to remove all vola-
tile materials(l). The mould temperature should be controlled 
with provision of both cooling and heating. The optimum mould 
temperature will depend on- the nature of the compound and moul-
ding conditions. In general, it should be at the lowest prac-
ticable, reducing the cooling time to a minimum consistent with 
good mouldings being produced. 
Provided that the mould is chrome plated, the surface finish 
of the moulded article will depend on the temperature of the mould 
and the temperature of the mouldable material melt before it enters 
the mould. Instantaneous heating of the material, just prior to 
moulding, is practised through restriction of the gate opening. 
Another early suggestion(58) was the use of perforated restrictor 
plates, inserted between the nozzle and the sprue bushing of the 
stationary half of the mould. In setting up the conditions of 
moulding of PVC it is essential to realise two basic characteristics 
of a PVC melt(59). These are: (1) time-temperature relationship; 
decomposition of PVC melt does not occur at a certain temperature 
but at any elevated temperature and subject to the length of time 
the melt remains in residence, see Table 10; (2) shear heating; 
PVC compounds are highly viscous and will generate a considerable 
amount of heat as they are worked by the rotation of the screw. 
Another important factor that should be considered in the case 
of PVC is its thermal memory, i.e. the time before decomposition 
is equal to the base time given in the table minus any previous 
exposure. 
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TABLE 10: TIME ELAPSED BEFORE DECOMPOSITION(59) 
Melt temperature Pipe Fitting Material General Purpose Compound lhighly stabilised) ~ 
4500F (232°C) I o min 3 min 
425°F (21S0C) 6 min 30 min 
400°F ( 204°C) 20 min 3 hours 
375°F (190°C) 40 min 5 hours 
350°F ( 177°C) 60 min S hours 
Tulley and Harris(60), have presented a comprehensive treat-
ment on PVC injection moulding. Boehm(61), has used shear hea-
ting in controlling the melt temperature in the injection moul-
ding of rigid PVC containers. 
The Bipel 70/31, injection moulding machine, fitted with 
a 2* oz barrel and screw was used in this work. Rectangular 
plaques of 76 x 125 x 3 mm were moulded from the powder blends. 
The conditions of injection, which were constant in this work, are 
shown in Table 11. The moulded specimens used for further tests 
were collected only after the moulding cycle had stabilised. 
TABLE 11: INJECTION MOULDING CONDITIONS 
Heater band profile 
Injection pressure 
Injection time· 
Hold-in time (with screw for-
ward) 
Cooling time 
Complete cycle time 
Screw speed 
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145, 155, 165, 170°C 
1000 psi 
6 seconds 
4 seconds 
20 seconds 
30 seconds 
60 rpm 
2.3.2 Compression Moulding 
The powder olends were compression moulded into 20 x 20 cm 
sheets of 3 mm thickness, using an electrically heated press. 
200 gm of powder blend was placed in the preheated mould and 
left under: 700 bar pressure for 10 minutes at 180oC. The 
mould was then cooled to 550 C by circulating cold water through 
the press platens. 
Minimum shear is encountered in this process, Table 12, 
therefore the shear mixing, which is introduced upon processing, 
is approximately omitted. 
TABLE 12: SHEAR RATE APPLIED IN PROCESSING(62) 
Compression moulding 
Milling and ca1endering 
Extrusion 
Injection moulding 
2.4 Test Specimen Storage 
1-10 second-1 
10-100 second-1 
100-1000second-1 
1000-10,000 -~econd-1 
In all cases test specimens were stored at -20oC until 
required, they were then conditioned at room temperature before 
testing. The cold storage was undertaken as it had been repor-
ted by I11ers(63) that changes in free volume with related chan-
ges in density and other properties can occur in PVC when stored 
at room temperatures for even relatively short periods of tili1e. 
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CHAPTER II I 
EXPERIMENTAL TECHNIQUES AND EQUIPMENT 
3.1 Bulk Density, Tap Density and Pourability 
Bulk density is defined as the weight per unit volume of 
the loose powder when poured from a funnel ofspeci fi ed des i gn, 
BS 2782: Part:6: Method 621A: 1978, which is equivalent to 
ISO 160-77, was followed in determining the bulk density. Bulk 
density is a useful measurement in determining the handling 
characteristics of powders in packaging and fabrication. High 
apparent bulk density is usually preferred, because it permits 
maximum feeding rates in processing. The extrusion rate is 
increased by increasing the bulk density of the powder(64,46). 
Tap or compacted density is the weight per unit volume of 
the compacted powder, BS 2782: Part 6: Method 6210: 1978, which 
is equivalent to ISO 61-1976, was followed. 100 gm of the pow-
der blend was poured into a measuring cylinder and 'tapped' down, 
the volume of the powder was registered, the experiment carried 
till no further decrease in volume, then the weight/volume is 
reported. 
Pourability is a measure of the time required for a stan-
dard quantity of material to flow through a funnel of specified 
dimensions, ASTM 01895-69, in which 100 gm is allowed to flow 
through the funnel specified in Method A of this standard. This 
measurement can predict the hopper feeding characteristics of 
the blend. IIhen pourabil i ty va 1 ue is used in conjuncti on with 
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plasticizer absorption, it can also help predict the handling 
characteristics of dry-blended plasticised blends. 
A correlation between bulk density and several properties 
of PVC resin was reported by Balakirskaya et al(65). They sugges-
ted that the bulk density of suspension PVC is an integral charac-
teristic of the powder, depending on a number of properties, 
firstly on the size, state and shape. of surface and secondly on the struc-
ture of the particles. Also, they reported that there is an 
inverse relation between tne porosity and the tap density. A 
linear relationship between bulk density and tap density of a 
number of suspension PVC's was reported by Ravey and Waterman(66). 
3.2 Particle Size Distribution 
The particle size and size distribution of PVC resin will 
determine whether it is a dispersion resin, a dispersion modifying 
resin, or a general purpose dry blend resin, T~ble 13(67). In 
case of dry-blend resins, the bulk handling properties and pro-
cessing are affected by both the particle size and size distri-
bution. 
TABLE 13: TYPES OF RESIN 
Di spers i on 
Dispersion - modifying 
Dry-b 1 end 
i 
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Particle Size 
1 \lm 
20 \lm 
130 \lm 
Excessive fines can produce dusting problems and cause 
uneven absorption of plasticiser during dry blending. Fine 
particles will tend to adhere to the screw surface. This 
results in inferior resin compound flow on the metal surface, 
t · . ff" (49) 0 . d t' 1 preven lng conveYlng e lClency . verSlze par lC es 
generally do not flux readily during processing and consequently 
may produce gels or fish-eyes in the finished product. The 
oversize particles can also cause poor plasticiser absorption, 
which is an additional reason for the poor fluxing character-
, istics. Thus, it is desirable for the resin to have a narrow 
distribu~on with a minimum of fines or oversize particles. 
The subject of particle size and size distribution is of 
considerable importance and an extensive literature is written 
about it(68,69,70). Particle size is determined by one of the 
following methods: 
a) mi croscopes; 
b) sieves; 
c) sedimentation; 
d) particle trajectories, and 
e) radiation scattering. 
The size over which they may be used is illustrated in Table 
14. 
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TABLE 14: METHOD OF MEASURING PARTICLE SIZE AND SIZE DISTRIBUTION 
Test Method i Particle Size (llm) I 
Optical microscope 0.25 - 250 
Electron mi croscope . 0.0005 - 5 
Si eves 40.0 and up 
L i qui d sedimentation 0.5 - 300 
Gas sedimentation 1.0 - 200 
Impaction 0.1 - 100 
-
Light scattering and 0.1 - 30 transmission 
X-ray scatteri ng , 0.005 - 0.05 
Detailed description of these methods, limitations, appli-
cation and analysis of their data can be found in the ref- . 
erences 68-70. 
The adoption of one specific method in preference to another 
is based on several factors, such as precision and accuracy 
required, cost of equipment and time per analysis. 
Dry sieve analysis and optical microscope methods were used 
in this work, ASTM 01921-63 describes dry sieve analysis. A 
series of sieves of sizes 45, 53, 75, 106, 124, 150 and 180 llm, 
were stacked in a diminishing order, with the coarsest sieve on 
top and pan on the bottom. 100 gm of powder blend were poured 
in the top sieve and the whole assembly was placed in a mechanical 
shaker, which imparts both a rotary motion and a tapping action. 
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Shaking was done for 15 minutes, so the sample distributes itself 
on the individual sieves in accordance with the size of the 
particles. Then the weight of the powder in each sieve was 
determined, and the result was expressed in % weight vs sieve 
size or particle size. 
In an optical microscopy method, a Zeiss semi-automatic 
particle size analyser TGZ3,was used in determining the particle 
size. Photomicrographs were taken from slides, where the parti-
cles are well separated, so as to be able to measure each particle 
~ alone. An iris diaphragm of adjustable diameter(7l) is projected 
on the ph~tomicrograph (X1000 magnification). The area of the 
iris was adjusted so as to match the area of the particle, then 
a foot switch was pressed. Then the area of the iris will be recor-
ded on one of the 48 counters. It was found that counting the 
size of 1000 particles is the minimum number of particles, after 
that there was no change in PSD. 
3.3 Instruments for Measuring Flow Properties 
There are several instruments designed to measure the flow 
properties of polymers. A comprehensive survey of these visco-
meters or rheometers was presented by Wazer et al(72). 
The Davenport capillary viscometer and Brabender torque 
rheometer were used to measure the flow properties and process-
ability of the powder blends. 
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3.3.1 Capillary Viscometer 
The flow of polymers is most commonly studied by using 
a capillary viscometer, because it is a very useful method for 
studying flow properties at the normally high shear rates used 
in polymer melt processing. The measured values are usually 
presented as a plot of shear stress versus shear rate at a cer-
tain temperature. 
The equipment used in this study was a Davenport capillary 
rheometer which is a very versatile instrument because in one 
run the viscosity of the tested sample could be determined over 
a wide range of shear rates. Figure 9 is a schematic diagram of 
this instrument, the main features are: 
1. A heating chamber consists of a heat-conducting barrel 
(24.13 cm long) which is terminated in an extrusion di2 
(made from tungsten carbide, to eliminate, as far as 
possible, the effect of wear as well as thermal expansion). 
2. Sensitive temperature sensing and control circuits. 
3. A piston which is driven vertically into the barrel by 
an electronically-controlled, variable-speed D.C. motor. 
The speed of the piston can be set for any rate up to and 
including 25 cm/min. 
4. A pressure transducer which is located in the heating 
chamber, and its sensing head is inserted into the side 
of the barrel, very near to the die entry. 
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Experimental Procedure 
The barFe1 is-filled to the top with the powder sample. 
The piston is lowered, under power, to compress the powder, 
until a slight positive pressure is indicated on the pressure 
recorder. Then the piston is stopped, and the whole is left 
for eight minutes to ensure that the powder sample has attained 
temperature equilibrium. The temperature of the experiment was 
constant at 180oC. Pressure read out was plotted on a Phi1ips 
mi11ivo1t recorder. 
For e~ch shear rate the piston drive speed was determined 
from the following equation: 
where: 
x = 16.5326 R3 S.R(73) 
x = piston drive speed (cm/min) 
R = die capillary radius (cm) 
S.R. = shear rate (sec·-1) 
Shear stress is calculated from the pressure recorded, according 
to the following equation: 
5.5. PR =2I 
where: 5.5. = shear stress (psi or MN/m2) 
P = pressure recorded (same units as 5.5) 
R = die capillary radius 
L = die capi 11 ary length (same units as R) 
= 56 
3.3.2 Brabender Plastograph 
The Brabender Plastograph (or Plasticorder in USA), Figure 10, 
is an instrument designed to measure the moment of rotation of 
the kneading resistance of a tested material during kneading. 
The kneading chamber is heated by circulating oil from an oil 
bath which has a pre-set temperature. The torque required to 
rotate the blades is transmitted through a system of levers and 
recorded on a chart. The temperature of the material is measured 
by a thermocouple inserted -at the bottom of the mixing cavity. 
A speed differential of 3:2 is maintained between the rotors 
providing a continuous exchange of materials between the twin 
chambers. 
A 30 cm 3 chamber was used in these experiments. To ensure 
reproducibility a quick loading chute technique was used. The 
experiments were conducted in the following standard manner: 
The quick loading chute was placed in the throat of the 
mixing chamber, without the ram, then the mixer was switched 
on. 
Powder was introduced into the quick loading chute, and 
forced into the mixing chamber by the ram; loading should 
be quick and in one stroke, taking less than 20 seconds. 
The mixer was switched off. The material was left to warm 
up for 3 minutes, including the loading time. 
After warming up, the experiment was started ar.d left to 
run for 20 minutes. After each run the chamber was cleaned. 
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Figure 10. Brabender Plastograph Torque Rheometer 
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The torque (moment of rotation), corresponding to the 
kneading resistance of the tested material is recorded; a 
typical plastogram is shown in Figure 11. As the material 
is pressed into the quick loading chute the torque will reach 
a maximum A, then upon compaction, due to rotation of the roller, 
a minimum B is reached. The material starts to melt and this 
will result in an increased torque, until a maximum is reached 
C (the point C isof basic significance in the evaluation of a 
pl a-stogram ). Then the torque will decrease to reach a 
~ plateau which corresponds to the viscosity of the material. 
If the t~t is carried on until crosslinking and degradation 
occur, this will give a measure of the stability of the material.' 
In other words the shape of the plastogram gives an idea about 
the fusion, viscosity, and stability of the tested material. 
More information about the interpretation of the plastogram 
(74;) -is discussed by Wolkeber et al . 
The Brabender Plastograph h-as a wide range of appl ication 
in PVC research work. It could be used for measuring the rate 
at which PVC resin accepts plasticiser(75), by measuring the 
time required for the PVC resin powder and plasticiser mixture 
to become free flowing. Faulkner(ll), used it to illustrate the 
effect of mixing on PVC particle structure. 
Rotor speed, chamber temperature and sample weight have an 
influence on fusion time. Shramn(76) had studied the effect of 
setting up conditions on fusion time, he also showed that lubri-
cants, stabiliser and filler content have an influence on the time 
of fusion as well as viscosity of the rigid PVC dry blends. 
= 
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3.4 Tensile Testing 
Two tensile testing machines were employed in this work, a 
J J Tensile Testing Machine and an Instron Tensile Testing 
Machine. Dumb-bell shaped specimens were machined by placing 
the rectangular blank firmly between two plates of a template, 
then moving it transversely to be cut by a high speed rotating 
diamond cutter. 
Specimen dimensions were determined following BS 27.82, Part 
3, Method 320C (Figure 12). Specimens were carefully machined, 
since freedom from flaws along the cut edge of the test specimen 
is essential in obtaining valid measurements. Marks left by 
coarse machining were carefully removed with a fine file and 
filed surfaces were then smoothed with abrasive paper. All sur-
faces must be free from visible scratches or imperfections. 
The width and thickness of each specimen was measured using 
a micrometer. At least three readings were taken and the average 
is recorded. A minimum of five specimens were tested from each 
powder blend. Tensile strength was calculated by dividing the 
maximum load by the original cross-sectional area of the specimen. 
3.5 Scanning Electron Microscope 
A scanning electron microscope was used in this work to 
study the surface topography of the powder blends and in examining 
the fracture surface of some final products. Theory, construction 
and operation of SEM has been given by Thornton(77), the essential 
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Fir;ure 12 Tensile Specimen Dimension 
A 
I~ H 
-l- e ~ 
I 
to 
Di~ensions are in millimeters 
A Overall leng~~ 150 
B '!!idth at ends 25 
.. ' 
I 
C Length of narrow parallel portion 60 
D Wid th of narro71 parallel portion 10 
F Thickness 3 
H Distance ':Je1;':leen grip 115. 
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features are indicated in Figure 13. The basic operation of 
the scanning electron microscope is that an electron beam, 
which is focused on the sample by a condenser coil, scans the 
specimen surface. The information collected is scanned in 
synchronism with the electron beam on the raster of a cathode-
ray tube. When an electron beam strikes a solid specimen a 
number of interactions occur, the most important of these are 
illustrated in Figure 14. Details of these responses can be 
found in Oatley( 78) however, a summary is given be.low. 
, Electrons may be back-scattered from the front face of the speci-
men with little or no energy loss, or they may interact with 
surface atoms to produce secondary electrons. Some electrons may 
be absorbed by the specimen with transfer of energy to heat or 
sometimes to light. If the specimen is thin enough, electrons 
may be transmitted unchanged in direction or scattered at diff~ 
crent angles. If energy is transmitted to the specimen it may 
also result in the production of.Auger electrons or X-rays. 
SEM usually collects secondary electrons to form the image. 
The "Cambridge S2A Stereoscan" scanning electron micro-
s cope was us ed in th is study. It is recommended to use low 
accelerating voltage in examining polymeric materials, espe-
cially when more surface detail is required, i.e. higher con-
trast. 
In our study the accelerating voltage and specimen tilt 
were adjusted to give adequate contrast. 2 KV is found suitable 
for magnification up to 5000X and 10 KV for 10000X. The loss of 
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detail at high voltage results from the extreme penetration of 
the beam into the specimen, producing unwanted signals 
coming from the interior of the specimen causing reduced con-
trast and obscured details. 
Polymers are usually non-conductive materials, impingement 
of a beam of electrons on the sample will cause sample charging 
and poor electron emission. The most popular method for 
suppressing charging and increasing electron emission is by 
the, application of a conducting layer of metal or .carbon. 
The purpose of coating is to put on a uniform covering of a 
conductiv~ material; this covering should, as nearly as possible, 
be an exact positive replica of the surface of the underlying 
material. 
Metals used for coating must have good electron emission and 
contouring ability, amongst the most widely used are silver, gold 
and gold-palladium. If the specimen is very irregular, as is 
the case with PVC powder, coating by metal only may not suppress 
charging because the coating is not continuous. In these cases 
it is often useful to use carbon as a first coat. If carbon is 
used as a first coat, it is usual to put a light metal coat on 
top of it, so that the electron emission is improved. The mate-
rial may be deposited on the sample surface by vacuum deposition. 
The PVC sample was mounted on a stub with "Durofix" glue and 
vacuum coated with carbon (~ 200~ thickness) in an Edwards El2E4 
Vacuum Coating Unit. The stub was placed on the base plate and 
the carbon source suspended approximately 6 in above it. The carbon 
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source consisted of two !" rods having different faces. One 
had a reduced di ameter of 3/32" with a 1 ength of !" and the 
other had a flat surface across the !" diameter. 
A shield was placed before the carbon rods to shield the 
heat away from the specimen after evaporation. After evacua-
ting the chamber to 1 x 10-4 torr, the 10V 90 amp circuit was 
switched on until the carbon rod began to evaporate at the cen-
tre. ~Ihen the thin end of the evaporating rod disappeared the 
current was switched off ana the chamber closed off before 
admitting air into it. 
The stub was then placed in the Edwards S150 Sputter Coater 
and sputter coated with gold under the"following settings: 
Cooling water flow 0.5 1 itre/min 
Current meter 20 mA 
HT voltage 6-7xlOO Volts 
"" 
Pressure gauge 2 x 10- 1 torr 
Time 2 min 
Prolonged times of coating affect the surface texture 
of the sample due to the heating effect of the coating process. 
Therefore after standing the stub on the bench for ~ 15 minutes, 
the sputter coating operation was repeated. 
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3.6 Thermal Analysis 
3.6.1 Differential Thermal Analysis 
Differential thermal analysis is a technique which has been 
developed to study the thermal changes of polymers as they under-
go heating or cooling. It was first used by Le Chate1ier in 
1887 for the study of thermal transformation in clays. The 
equipment consists basically of two cells; one containing the 
sample under test and the other an inert reference sample which 
does not undergo changes in the temperature region of interest. 
, These cells are heated at a controlled rate, and the temperature 
differenc~ (6T) between them is plotted as a function of tempera-
ture, a plot of 6T versus temperature is called a thermogram. 
In the absence of physical or chemical changes the temperature 
difference 6T (sample temperature minus reference temperature) 
remains zero and a straight line is plotted. When a change 
occurs in the sample (and there is no change in the reference 
sample) either a positive or negative 6T results. This difference 
stems from one of two types of transformation, a first order 
change, an endothermic or exothermic process, and a second order 
process in which not the entha1py but the specific heat changes. 
Changes which might occur in high po1ymers,due to heat 
treatment can be divided into two main categories: (a) those 
involving physical transition, e.g. glass transition, crystalli-
sation from the melt, crystalline disorientation, and melting, 
(b) those involving chemical reaction, e.g. polymerisation, . 
oxidation, vulcanization, cross1inking, curing etc. For details 
see reference 79. DTA is a versatile method capable of quickly 
giving a wide range of information on a small sample. 
"" 
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Thermal analysis has proved to be a sensitive technique 
in measuring the change in the level of crystallinity, induced 
in PVC by annealing at different temperatures(Sl). Jasse(80) 
in comparing the results of his work on PVC/plasticiser inter-
action, using viscosity measurement and DTA, found that the 
experimental accuracy of measuring the temperature of solva-
tion of polymer in plasticiser is better in the case of DTA 
measurement. 
3.6.2 Thermal Mechanical Analysis or Thermomechanical 
Analysls 
Thermomechani ca 1 ana lys i s measures the mechani ca 1 response fsoften ing) 
of a polymer system due to changes in temperature. The instru-
ment used was a Du Pont 900 thermal analyser connected to a Du 
Pont 941 thermal mechanical analyser. The thermal mechanical 
analyser follows any vertical displacement of a loaded probe 
placed on the surface of the sample. A thermocouple attached 
to the sample holder-tube contacts the sample and provides an 
output proportional to the sample temperature. The sample and 
probe head are surrounded by a cylindrical heater containing a 
control thermocouple. The thermogram is plotted as probe dis-
placement versus sample temperature. 
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3.7 X-Ray Fluorescence 
Fluorescence is the property of emitting electromagnetic 
radiation resulting from absorption of radiation from some other 
source. When a beam of hi gh energy X-rays i mpi nges on a speci men, 
it excites the secondary or fluorescent X-rays, characteristic of 
the elements present in the sample. The wavelength at which the 
characteristic lines occur for each element are dependent on the 
atomic number of the element, and hence qualitatively the accu-
rate measurements of the wavelengths enable the elements pres-ent 
in the sample to be defined. This method will give information 
about the chemical elements present in the sample, irrespective 
of their state of chemical combination or the phases in which they 
exist. 
For the most accurate quantitative analysis the goniometer 
is set at a particular angle, 26, corresponding to the element 
sought and the intensity measured over an extended period of 
time (10 to 200 seconds). In these tests the counting was 64 
seconds, sample weight was 0.1 gm and samples from powder blends 
were used. 
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CHAPTER IV 
THE EFFECT OF BLENDING ON POWDER BLEND CHARACTERISTICS 
4.1 Time Vs Temperature 
Figures 15-17 illustrate the increase in blend temperature 
with blending time in the Fielder high-intensity mixer. It can 
be seen from Figure 15 that when different concentrations of 
stearic acid were used - 0.25, 0.5, 0.75 and 1.0 pphr, that 
there was a slight increase-in temperature with increasing stea-
ric acid content, mostly in the 80-110oC range. In the case of 
Paraloid K175, Figure 16, where higher concentration is usually 
used - 1, 3 and 5 pphr- the effect of 1 ubri cant content on the 
rate of temperature. increase was more pronounced. From Figure 17 
it can be seen that the rate of increase in blend temperature was 
approximately the same for suspension and mass PVC, but there was 
a slight increase in the case of MPVC. 
4.2 Bulk, Tap Densities and Pourability 
Figure 18 which shows the effect of blending temperature on 
the bulk density of ~1 or SPVC + TBLS + Calcium Stearate. In both t1 
and SPVC powder blends an initial increase in their bulk density 
compared to that of the basic resin is seen, followed by a plateau 
until 900 C is reached, after which bulk density starts to rise 
rapidly on further increase in the dump temperature of the blend. 
Figures 18 and 19 suggest that there is close correlation between 
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bulk and tap densities of these blends, while Figure 20 shows 
that the powder flow rate or pourability of these blends increa-
ses by increasing the degree of blending (increased dump tempera-
ture) . 
Figure 21 illustrates the effect of the type of additive 
(liquid or powder) on the bulk density, or tap density, Figure 22. 
In this study jwo types of stabilisers were employed, Stancler.e 
T135 (liquid) and tribasic lead sulphate (powder). We can see 
that'in the early stages of blending, the blends with liquid 
'stabilisers have lower bulk density and even tap density than that 
of the bastc resin. These blends, with bulk density lower than 
550 kg/m 3 , (the bulk density of the basic resin) are not flowable,' 
not only in the pourability test (Section 3.1), but also in the 
lack of flow which was found in discharging them. When the dis-
charge valve was opened the blend failed to flow from the blender 
to the cooler automatically, but had to be pushed down to the 
cooler manually. A sticking blend with a bad packing quality is 
produced, leading to a lower amount of material per unit volume, 
when blending under mild conditions where the stabiliser is not 
completely absorbed by the resin particles. 
Figures 23 and 24 show the change in bulk density and tap 
density of MPVC and TBLS and two lubricants, a series with stearic 
acid, another with Paraloid K175; another series is MPVC + Stan-
clere Tl35 + Paraloid K175. In the case of stearic acid we can see 
that the bulk density increases up to the melting temperature of 
stearic acid and coating of the PVC particles occurs, then the 
increase ceases and a plateau is reached. The same also happens 
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with the tap density values. \lith the Paraloid K175 and 
TBLS series the pattern of change is similar to that of calcium 
stearate, Figure 18. Initially there is a sharp increase in 
bulk density, then the rate of change is very low. Blending 
above 900C increases the bul k density. For the ti n s tabil i sed 
and Paraloid K175 series the change in the bulk density of the 
blend initially is very small compared to the bulk density of 
the resin. Then there is an increase in bulk density with the 
increase of dumping temperature. In all of these studies a corre-
lation could be seen between bulk and tap densities. 
Looking at Table 15 we can see that, in the case of the stea-
ric acid series there is a decrease in the pourability of the pow-
der blend over the temperature range 40-900C (melting point of 
stearic acid ~ 640C). The subsequent increase in the powder flow 
rate (above 90oC) with increase in dumping temperature can be 
explained by the resultant coating of the melted stearic acid 
on the particle, see Figures 35 and 36, causing smoother PVC 
particle surfaces, resulting in an increase in the powder flaw 
rate. The bulk and tap densities of the Paraloid K175 ser-
ies - Table 15, band c - increase by increasing blending dump 
temperature and the powder flow shows a maximum at dumping tem-
perature around 1200C. To clarify this the lead stabilised series 
was blended at 100, 110, 120 and .1300C, and their flow rate is 
shown in Table 16. 
From this table we can see that there is a maximum of flow 
at around 1200C, which occurs at the second Tg of the Paraloid K175 
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(a) 
. 
(b) 
(c) 
TABLE 15 
The Change in Bulk Density, Tap Density and Pourabi1ity (Flow 
Rate) of r1PVC + (a) Stearic Acid + TBLS 
(b) Para10id K175 + TLBS 
(c) Para10id K175 + Stanc1ere T135 
Dump Bu1 k Density Tap Densi ty 
Tempe ra tu re kg/m 3 kg/m 3 oC 
,-
40 650 763.4 
90 701 .1 806.5 
. 
120 707.3 807.5 
140 698.8 788.9 
-
25 661 .7 775.2 
90 675.4 769.2 
120 691.9 800 
140 720.4 826.4 
, , 
I 25 554.4 645.2 
90 632.7 724.6 
120 644.2 714.3 
140 668.2 763.4 I , 
, 
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Flow Rate 
gm/sec 
10.9 
10.4 
11. 1 
11.4 
9.3 
8.9 
10.0 
8.8 
, 
10.0 
10.9 
10.2 
10.0 
powder, Figure 8. So this maxirnumcould be attributed to the method 
of incorporation of the Paraloid into PVC-particles, because this 
same effect was also manifested in the tin stab·il ised series, but 
at lower temperature due to the presence of tin, behaving as a 
plasticiser. We can also see that the increase in pourability of 
the powder is followed by a decrease, i.e. heating the blend 
above Tg of the Paraloid will remove the effect in increasing 
pourability. These resul ts suggest that the Paraloid K175 at 
around 1200C, in the case of lead stabilised MPVC, .or lower in 
,the case of tin stabilised, is incorporated into PVC particles 
causing th.gsurface to be smoother, than any other temperature 
investigated. 
TABLE 16 
Powder Pourability (Flow Rate) of MPVC + Paraloid K175 and TLBS 
Dump Temperature °c Flow Rate g/sec 
100 9.0 
110 9.4 
120 9.8 
130 8.3 
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4.3 Particle Size Distribution 
The Zeiss TGZ3 counter method (see Section 3.2), provides 
a direct measurement of the 'diameter' of the particle, the 
result being presented as the number of particles in a certain 
diameter interval. These results, can then be converted into 
percentage weight vs particle diameter. Two assumptions were 
made (a) particles have spherical shape, and (b) large and 
small particles have similar densities. r~icroscopy suggests 
tha t both results were· va 1 i d(81 ) . 
Method of Calculation from Occurrence to Percentage Weight: 
so 
Weight of a particle = j n r3 P where P is particle density 
and r is its radius 
the wei ght of n particles of r radi us 4 r3 n P = "3 n 
n 4 Total weight = L "3 n r.3 n. P 
i = 1 1 1 
4 
"3 n r3 n P 
Percentage weight of n particles = -n~,---------I j- 7f ri 3 niP 
i = 1 
x 100% 
r3 n 
= ~ n. r. 3 1 1 
i =1 
Figures 25-30 show the effect of blending temperature on the 
particle size distribution, employing the Zeiss TGZ3 counter method. 
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From these figures we can conclude as a result of an increase in 
blending dump temperature, there is generally a slight shift in 
the particle size distribution, this shift is attributed to the 
breaking down of large particle agglomerates. There is a decrease 
in the percentage weight of particles greater than 125 ~m in dia-
meter 'and a corresponding increase in the incidence of smaller 
particles, 70-100 ~m in diameter. In some cases, Figure 27, an 
increase in blending causes a narrowing of the particle size 
distribution, which is a favourable property of the powder blend, 
, -
. see page 51. In a 11 of these blends, we can see that the di stri-
bution pattern, which is a normal distribution, is unchanged, due 
to blending, because we started with the same resin, but that there 
is a shift in the distribution. 
Another method was followed in measuring the particle size 
distribution, dry sieve analysis (see Section 3.2). Figure 32 shows 
the particle size distribution using the sieve analysis of blends 
which were mixed at 600 rpm for ten minutes and twenty-five minutes. 
where it is seen that an increase in blending time causes a reduc-
tion in the large particles (125-100 ~i1) and an increase in the 
smaller particles (43-124 ~m) In a comparison study of the 
results of sieve and Zeiss TGZ3 counter methods, unblended sus-
pension polymerised PVC which is used in this work was investigated(81). 
Figure 31 shows the size distribution of this polymer; we can see 
that there is a real difference in the two sets of results. They 
can be interpreted by postulating that particles in the interval 
150-180 ~m are mainly agglomerates, which are distinguished as seen 
by the subjective sizing counter method but not by sieve analysis. 
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Also another problem arises in sieve analysis, shaking dry 
polymer particles next to a metal in the sieve, will develop 
an electrostatic charge, so some particles will adhere to the 
sieve. An electrostatic spray was used to reduce this charge 
development, but this did not yield reproducible results. 
Therefore it could be concluded that the size distribution is 
better carried out using the Ze,iss TGZ3 counter method. The only 
disadvantage is that it is a very tedious method to get signifi-
cant results, a minimum of 1000 particles should be counted. 
4.4 Fusion Properties Using Brabender Plastograph 
Tables 17-23 show the results of this work. Two sets of 
Brabender testing conditions were used. Condition 'A' where the 
Brabender jacket temperature was 1400C, rotor speed 33 rpm and 
condition 'B' where the jacket temperature was 1800C and rotor 
speed 50 rpm. Test condition 'A' was first used to lengthen the 
fusion time, so that the effect of blending on the fusion beha-
viour of the powder blend, could easily be seen, but under these 
conditions the fusion time of the stearic acid series was more than 
15 minutes, so test condition 'B' was employed. Results of condi-
tion 'B' are more related to practical processing conditions. 
By s tudyi ng the results in Tables 19, 20, 22 and 23 we can see that 
in spite of the fact that the numerical values differ for conditions 
'A' and 'B', the pattern of behaviour is still the same. 
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For details of the testing procedure followed and explana-
tion of the graphs obtained, see Section 3.3.2. Each table 
relates to the results for a certain formulation, the details 
of which are written in the caption for each table. 
Tables 17 and 18 are for MPVC and SPVC respectively, which 
were lead stabilised and calcium stearate used as lubricant. 
From Table 17 it can be seen that as the degree of blending increases 
i.e. dumping temperature, there is an increase in the torque of 
fusion, alongside an increase in the time to fusion. In comparing 
the blends dumped at 300 C and that dumped at 1400 C, Table 18, it 
is seen that similar effects were shown, but the scatter of the 
results for intermediate blends makes it difficult to draw any 
clear conclusions. The area under the curve, i.e. the energy for 
fusion was measured, to differentiate between fusion properties of 
these blends, but the results were not reproducible. 
For the stearic acid series, under condition 'A', Table 19, 
it could be seen that an increase in time to fusfon gave a decrease 
in torque at fusion and a lower torque at 17 minutes, i.e. lower 
viscosity. As for the 1.0 pphr stearic acid content blends, 
fusion time took more than 15 minutes and also there was no dis-
tinct peak. 
Comparison of the results of testing at condition 'A' with 
those obtained at condition 'B', (Table 20 and Table 19) shows 
that the pattern of behaviour for both testing conditions as 
stearic acid content is increased is the same i.e. an increase in 
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fusion time and a decrease in fusion torque and viscosity. 
As for the effect of blending on fusion properties, there is an 
increase in time to fusion as dumping temperature is increased, 
this is most pronounced for the 1400C blend, while for other 
properties no clear conclusion is possible. 
Table 21 shows the results of the lead stabilised MPVC 
with Para10id K175 as a processing aid. In these results it is 
difficult to quote with certainty the temperature at fusion since 
the increase in stock temperature was very rapid during the first 
,minute of the run. From this table we can see by increasing the 
dumping temperature there is a small increase in torque at fusion. 
Time for fusion increases as the amount of Para10id K175 is 
increased and also as a result of an increase in blending dump 
tempera ture. 
~Tab1e 22 shows that increasing the Para10id K175 content 
will increase the time for fusion and decrease the maximum torque 
(torque at fusion) and also the torque at 17 minutes (which corres-
ponds to the viscosity of the compound). There is a slight increase 
in the maximum torque at fusion with increase in dumping tempera-
ture, while dumping temperature has no influence on fusion time 
and the torque after 17 minutes is unchanged.) 
Comparing these results with those in Table 23 we see the 
same pattern of fusion behaviour. Fusion time (which is measured 
as the time to reach a maximum torque), for the blend dumped at 
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TABLE 17 
Fusion Properties of NPVC + Calcium Stearate + TBLS using Brabender 
Plastograph 
Testing Conditions 'A' 
-Dumping Naximum Time Tempera ture Torque at 
Tempera ture Torque Nin. oC 17 min. 
°c I m-gm m-gm 
30 590 1.5 139 460 
54 610 0.9 140 460 
-
610 140 
95 640 1.35 139 460 
620 1.15 139 
120 675 1. 75 139 460 
635 1.3 140 
140 630 2.5 140 460 
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TABLE 18 
Fusion Properties of SPVC + Ca1ciur.l Stearate + TBLS using Brabender 
P1 astograph 
Testing Conditions 'A' 
Dumping Maximum Time Tempera ture Torque at 
Temperature Torque Min. Oc 17 Mi n. 
°c m-gm m-gm 
3D 610 2.4 140 510 
-- 590 2.7 140 490 
140 630 4.2 140 500 
620 4.2 140 490 
TABLE 19 
Fusion Properties of MPVC + Stearic Acid +.TLBS using Brabender 
P1astograph 
Testing Conditions 'A' 
pphr Dumping Maximum Time Tempera ture Torque at 
St.Ac Temperature Torque Mi n. oc 17 Mi n. 
oc m-gm m-gm 
0.25 120 800 1.3 143 505 
750 0.65 137 490 
0.5 120 620 3.3 148 495 
620 4.0 147 
0.75 120 550 7.3 143 510 
I 
600 I 4.8 I 145 1.0 120 560 I >14 I 140 530* ! 
*P1ateau was not reached. 
= 
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TABLE 20 
Fusion Properties of MPVC + Stearic Acid + TLBS using Brabender 
Plastograph 
Testing Conditions 'B' 
, 
pphr Dumping Maximum Time Tempera ture Torque at 
St.Ac Tempera ture To'rque Min. °e 17 Mi n. oc m-gm m-gm 
0.25 120 600 0.1 Sharp 340 
increase 
580 0.3 
0.5 120 480 1.9 163 320 
. 
460 1.8 162.5 
0.75 I 120 400 3.2 163 315 
. 
390 3.3 165 
1.0 40 300 6.3 165 280 
300 5.4 164 
1.0 I 90 300 5.4 164 275 300 6.2 164 I 
1.0 I 120 310 7.7 164 290 --
I 315 5.1 165 
I I 1.0 140 270 14.8 165 I 260 i at 26 mi n 280 10.1 165 I 260 I at 22 min I 
I 
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TABLE 21 
Fusion Properties of MPVC + Paraloid K175 + TBLS Using Brabender 
Plastograph 
Testing Conditions 'B' 
• . , 
pphr Dumpi ng I Maximum Time Temperature Torque at 
Paraloid Temperature Torque Sec. °c 17 Mi n. 
°c m-gm m-gm 
1 120 595 I 13 - 315 
590 10 
-
3 120 540 18 - 310 
530 20 
5 
I 
25 470 , 25 - 305 
! 480 21 5 I 18 310 90 I 490 I I I ! '. 477 I 21 I I I I , , I I I I 5 i 120 490 24 ! 315 , I I , I I i ! • I, , I ~ , I 485 26 I i ! I , ~ 5 , : l , 140 , 495 , 30 315 
I ! 
I ! I ! 490 30 ; I I ! 
, 
! ! t 
100 
TABLE 22 
Fusion Properties of MPVC + Para10id K175 + Stanc1ere T135 
Using Brabender P1astograph 
Testing Conditions 'B' 
pphr Dumping Maximum I Time Tempera ture 
Para10id Temperature Torque I Sec. °c oc m-gm 
1 120 715 12 -
.-
720 9 
3- 120 620 15 -
620 15 
5 25 500 30 -
-
500 30 
5 90 525 21 -
525 21 
I 
5 120 520 27 -
510 30 i , 
5 I I 140 I 525 30 - i I I 530 24 i I i I I , ! 
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Torque at 
17 Min 
m-gm 
365 
355 
340 
340 
340 
-
340 
TABLE 23 
Fusion Properties of MPVC + Para10id K175 + Stanc1ere T135 
Using Brabender P1astograph 
Testing Conditions 'A' 
-
pphr- Dumping -Maximum Time T empe ra tu re Torque at 
Para10id Temperature Torque Min. Oc 17 Mi n . 
°c m-gm g-gm 
I 
1 120 870 0.5 138 505 
850 0.8 139 
-
3 120 710 1.55 140.5 490 
730 1.4- 139 
5 25 I 640 2.2 139 475 
I 640 2.1 140 I 
I 
5 90 I 680 1.8 140 490 i 
I 670 1.7 140 I 
5 120 i 670 1.8 140 480 I 
I ! 660 i 1.9 140 • ,1 I I 5 140 , 680 I 2.7 141 480 
, 
680 I i 2.8 141 
, , 
I 
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250 C and l400 C, is similar, but the shape of their plastograms 
differ, see Figures 33 and 34. The blend dumped at l400 C has 
a packing minimumand sharp peak while the low blend has a broad 
maximur,l. This means that in spite of the fact that they have the 
same fusion time (according to Brabender data), they differ in 
the method of fusion, in the processing machine. 
Blending j1ffects the degree of dispersibility of additives, 
i.e. lubricant or processing aid or stabiliser on PVC particles. 
Figures 35 and 36 show the surface morphology of PVC resin parti-
~cles after blending to 400C and that blended to l400C, using 
stearic actd as lubricant and TBLS as stabiliser. (In preparing 
these specimens for microscopy, they were not coated. under 
vacuum, but by an antistatic spray before exanination under the 
microscope). In comparing these figures, it is seen that stea-
ric acid after melting (the melting point of stearic acid is 
around 640 C) and during blending, had coated the globular sur-
faces of the PVC particles, causing an increase in the degree of 
its dispersibility and consequently increasing its effectiveness 
as a lubricant. This evenly coated PVC particle with the lubri-
cant could account for several results in this work e.g. lower 
torque at fusion (Table 20), or easier fusion, this will in com-
pression moulding produce products of higher tensile strength, 
(Figure 56). The increase in effectiveness of stearic acid as 
a result of an increase in dumping temperature, was also shown in 
that surface irregularities of the extrudates from the Davenport 
capillary rheometer, were smoothed out. 
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Figure 35 . 
a - dumped 
(a) 
(b) 
Scanning electron micro~rR~h of ¥PVC particle 
blended with Stearic Acid + TBLS 
at 40oC-1100X; b - dumped at 140oC-110OX. 
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Figure 36. 
a - dumped 
(a ) 
Scanning electron micrograph of MPVC particle 
blended with Stearic Acid + TBLS 
o 0 
at 40 C-5500x; b - dumped at 140 C-5500X. 
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4.4.1: Davenport Capillary Rheometer 
For details of the procedure and equations used see Sec-
tion 3.3.1. Figures 37-41, show shear stress/shear rate of 
melts of the powder blends investigated. In the case of MPVC 
and lead stabiliser, for both lubricants calcium stearate and stea-
ric acid or processing aid Paraloid K175, there is an increase 
in the apparent viscosity with an increase in blending tempera-
ture, Figures 37-39. Figure 41 shows the flow curve for SPVC, 
lead' stabiliser and calcium stearate as lubricant, 'we can see 
,that there is no effect of dump temperature on the apparent 
viscosity.-
While there is an increase in extrusion pressure with 
increasing dump temperature of the powder blends, Figures 37-
39, the MPVC with tin stabiliser and Paraloid K175, Figure,40, 
did not show tHis pattern of behaviour. This is further demonstrated 
in Figure 42. The change in extrusion pressure with shear rate 
shows some similarities with their pourability behaviour, Table 18. 
While this correlation is evident in the case of tin stabilised blen9 
it does not appear to be the case with the lead stabiliser series, 
Figure 39. This could be attributed to the method of interaction 
between the Paraloid K175, Stanclere T135 + MPVC, which is diff-
·icult to define. 
Figures 45 and 43 show the effect of lubricant and processing 
aid on the appearance of rigid PVC extrudate produced in the capil-
lary rheometer. Comparing these figures, we can see that the 
addition of stearic acid will produce a smoother surface and 
107 
" 
000 
..... ~ . .-:. .. 
~ --
o 
........... DU:l1nea nt 'ooe ) . 
~'Jr:Jped at 40°c 
---- Dum!)ed at "54"e 
---- Dumped at 95"e: 
---- 2umf9d B.t: 120cC. 
r 
- ... - . :umped at 140"'C • 
100 
10~--------------------~~--------------------~ 
10 100 Shear ["ate 'is 3~C.-' 100 
Figure 37 Flow curves of MPVC + Calcium Stearate + TBLS dumped at several 
temperatures 
108 
1000 
":~I 
" · ., 
· • ~ I 
. :-1 
t-
., 
:;', 
.. 
~I 
· 'i I 
100 
10 
~ .. Dumped a • 40°C ..... ... .. 0 
Dumped at 90°C 
-
---
~ . 
..... u:npea at 1 20'\; 
---
::'l;mped ,,- 0 ;~O C 
1001 
Figure 38 Flow curves of rlPvc + Stearic Acid + TBLS alir:ired at several tempera-
tures 
= 
109 
1000 
100 
-~--: .. ~ ...... . 
~~ .. ~ .. , 
./.~ ..... . 
/.....-:: .... 
-- ./.....-:;. .~ . 
./ . // . ./~ 
./ . 
'/ / .... 
-:::~>/ .~. 
'umped 
Jumped. 
o 
---- JUlTI!Jed. 
~~_~:::::-:-:.~o- .. ........... . 
~ •• .D ••••••••• 
a t 25°C 
9,.,0 .. ne v t... 
i 20°C 
'I lOoC 
101L-----------____________ ~--------------------__ _ 
10 100 
•.. , ··ev ,~c ._,,~o~ . 10( 
~·:c:. ~: .. ;::;.3 
110 
= 
1000 
100 
10 
.Jumped 
-, Jumped 
Jumped 
....... 
....... Duwped 
at 
at 
at 
25°c 
50°C 
90°C 
10!i'lJr 
1~0 ~--,oo--
• .. WO 
~:!'e l:'-() c-,-~c::f.- ~- Cl :: --~--
111 
.,a..~: 
10( 
1000 
Dum?e·:i at. 3Coc 
- , 
'''''°c ----- :...",.~ IT. pe c. :li: '+'> 
----- D~rr;~ed o· , .. 9JoC 
"_ ........... - :Jumpat'! at 1 1 .<J_ 
;) " 
""' 
100 
10L---------______________ ~ ________________________ ~ 
10 100 .:c~c. -1 r " ,,~ -' .. 
. :.'" 
Figure 41 Flow curves of SPVC + Calcium Stearate + TLBS blended at several 
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Figure 43 Capillary rheometer extrudates of MPVC + 
Paraloid K. 175 + TBLS . 
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Figure 44 (a). 
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( c) 
Caoillary rheometer extrudates of MPVC +Stearic 
Ac i d + TBLS at different levels. 
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Figure 45 Capillary rheometer extrudates of Stearic Aci d Series 
dumped at several temperatures. 
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remove the melt fracture which is produced when the Paraloid 
K175 was used. At low levels of stearic acid 0.25 and 0.5 pphr 
surface fracture (sharkskin) appears, Figure 44 This is removed 
as the concentration of stearic acid is increased, 0.75 and 
1.0 pphr. Figure 45 shows that the effectiveness of stearic 
acid on the surface appearance is also affected by the dumping 
temperature of the powder blend. The powder blend which is 
dumped at 400 e shows surface fracture whi ch is removed from 
the extrudate of the blend dumped at 900 e and the higher the 
degree of blending, the smoother the surface becomes. 
4.5 X-Ray Fluorescence 
The X-ray fluorescent technique was employed in this work, 
to try to relate the effect of blending on the distribution 
of additives in the powder blend. The ~1pVe with TBL5 as a stabi-
liser and-calcium stearate as lubricant, was the formulation used for 
investigation. Two elements were traced, calcium and lead. In det-
ermining the amount of element in a sample, the single line method 
is usually used. In the case of calcium the angle was fixed at 
45.20 , which corresponds to its K , with lead the measurements 
ex 
were carried out at 33.90 , which corresponds to its L . 
ex 
From the data in Table 24 it can be seen that the variation 
in the number of counts and their level is near each other. So 
these results show that the distribution of calcium and lead are 
similar in both 'low' and 'high' blends, i.e. at the early stages 
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of mixing the additives are uniformly distributed within 0.1 gm 
sample size. 
TABLE 24: X-Ray Fl uorescence Results 
(a) Calcium, best peak at 45.2 
Blend dumping temperature 
DC 
26 
30 
40 
54 
95 
120 
(b) Lead, best peak at 33.9 
~ 
Blend dumping temperature 
~C 
26 
30 
40 
54 
95 
120 
4.6 Discussion 
Counts per 64 seconds 
10636, 9307, 9960 
9335, 8485, 10139 
10163, 11646, 11952 
11569, 1112, 10352 
10570, 11352, 10042 
10834, 10648, 10712 
Counts per 64 seconds x 8 
6900, 5520, 6525 
5941,6422,5540 
7187, 8224, 6276 
6759, 6712, 6573 
6334, 6817, 5924 
5779, 6156, 5519 
In Figures 15 and 16 it can be seen that the rate of increase 
of blend temperature depends on the lubricant content in the form-
ulation. Earlier work in the laboratory(54) concluded that the 
addition of lubricant eases the movement of particles with res-
pect tb each other. This easing of movement increases the number 
of interparticle bombardmentsin the mixer and the bombardment of 
the particles with the wall, resulting in higher increase in blend 
temperature. Another factor appears to affect the rate of 
increase in the blend temperature which is the PVC particle sur-
face, where MP.VC sh0l1s a slight increase in the rate of the blend 
temperature compared to that of SPVC, Figure 17, and also the 
coating of PVC particles, e.g. increase of stearic acid. 
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Veersen et a1(82) studied the effect of lubricant on dry 
blending of plasticised PVC, they found that blending time is 
also affected by the type of lubricant used. 
The effect of blending temperature on the powder blend 
properties - bulk, tap densi-ties and pourabi1ity - had been 
reported by several workers(46,47,83c85). Moore et a1(84), 
reported,whi1e the increase in blending temperature causes an 
increase in both tap density and the pourabi1ity of the powder 
blend, it has no effect on the bulk density. Ga1e(47) report~d 
that there is an increase in bulk density and pourabi1ity of the 
powder blend with increasing blending temperature, but the pattern 
of increase is greatly dependent on the particle size of the resin. 
Morohashi(83) reported an initial increase in bulk density up to 
900C then a decrease to 1200C followed by a dramatic increase 
when blending up to 165-1750C, this increase was accompanied by 
an increase in the small size particles of 74-88 ~m. 
The increase in bulk density is attributed to an increase in 
the packing efficiency of the powder blend. Blending causes 
deagg10meration and filling of the voids between particles by 
the increased number of smaller particles. Another important 
factor can be seen from examining Figures 23 and 24, and 
Table 15, which are for blends of MPVC but with different 1ubri-
cants or processing aid. Different trends were seen, which could 
be attributed to changes in the surface texture of the polymer and 
hence its packing properties and also its pourabi1ity. That is, 
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the effect of blending dump temperature on the properties of 
the powder blend is greatly influenced by the formulation 
i nvesti gated. 
Higher bulk, tap densities and pourability are favourable 
properties of the powder blend. An increase in bulk density 
will reduce storage space; also it is reported(48,49) that it 
will increase extrusion output rate. An increase in bulk den-
sity from 0.69 
95 kg/hr(49). 
to 0.82 gm/cm 3 increases the output from 70 to 
While florohashi (49) related the increase in out-
'put rate to increase in bulk density, Moore et al(84), tried to 
relate it ~o the tap density, they found no change in bulk den-
sity, of the powder blend and Gale(47) reported that the corre-
lation between bulk density and output rate is poor. Powder bulk 
density and pourability combined will have an influence on the 
output rate of powder extrusion, where higher values of density 
and pourability means more material is flowing from the hopper 
to the feeding section of the screw. The determining factors on 
the output rate, however, are the ease of gelation of the powder 
blend and the conveyance characteristics of the melt within the 
screw. 
From the Brabender results we can see that the change in 
the fusion behaviour of the powder blend due to dumping tempera-
ture i.e. blending, is not as pronounced as that due to change in 
the content of lubricant on processing aid. This small difference 
between powder blends which have the same formulation, has been 
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reported by several workers (84 ,34) . (it has been reported by 
t100re and Pee1e(84) that blending to different temperatures, at 
the same rotor speed, has little significant difference in the 
torque data obtained from the Brabender.JAndrews et a1(34) in 
-
their preliminary studies about sample preparation (for charac-
terising lubricants in rigid PVC using Brabender P1astograph) 
obtained the same results for powder blend prepared by Hensche1' 
high intensity mixer, mixing up to 1200C at 3000 rpm and those 
prepared by dry blending in-a cold Z-b1ender for 30 minutes. 
Also, Hartitz(37) in his extensive study on the effect of lubri-
cants on the fusion time of rigid polyvinyl chloride, found that 
the general behaviour pattern of the fusion time is the same, 
whether he used a hand mixed or totally Henshe1 mixed compound 
(although numerical values were different). 
From the literature review in Section 1.3, covering PVC 
morPh0109y,c{: was concluded that the particu1ate flow plays a 
major role in the rheo10gica1 properties in the tange of tempera-
ture at or below 1800C)Fau1kner(Q in his study on the ~usion of 
PVC powder resin showed that fusion of PVC resin in the Brabender 
P1asticorder is associated with the breakdown of PVC resin particles 
to secondary then to primary partic1J~usion or gelation under 
these conditions may be considered as an agglomeration of PVC 
primary particles so the change detected in fusion properties 
could be attributed to the degree of availability of the lubricant 
and its effect on the movement of these 'primary particles] 
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~n this work because flow is considered particu1ate in 
nature, the lubricant dispersibi1ity is the main contributor 
to the changes in the rheo10gica1 properties, so the changes 
in the results obtained from the Brabender could be attributed 
to the change in the degree of lubricant dispersion and its 
contribution to the slippage of the primary particles in PVC 
structure. The mixing action within the Brabender could account 
for the shla 11 dffference in the fus i on properties, due to b 1 endi ng 
(whe~ investigating the same formu1ationi] 
An increase in the extrusion pressure.in capillary rheo-
meter due_to an increase in blending temperature of PVC mate-
rials, has been reported by several workers(86,87). This was 
attributed to the extent to which the particu1ate structure is 
broken down. The presence of particu1ate boundaries in the mate-
ria1 would reduce the extent of network formation, so lower pre~ 
S5ure is needed for extrusion, whilst in the case of a highly 
fused material, higher pressure is needed for extrusion. Co11ins 
and Metzger(21), reported that the apparent viscosity of melts 
from powder blend is lower than the melt from those which are 
further milled. They tried to relate that change in the apparent 
viscosity due to change in the molecular weight, but the change in 
the molecular weight was not enough to explain the effect of fur-
ther mixing on the apparent viscosity. 
The increase in extrusion pressure in this work is attri-
buted to the heat history of the PVC powder blend, whereas higher 
du;nping temperature means that the PVC resin has been exposed to 
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more work. Another factor which seems to affect T vs y of the 
powder blend, is the formulation, when comparing Figures 39 and 
40, the change of T vs y of the powder blend, is affected by the 
stabiliser used. Where with lead there is a slight increase in 
the viscosity with blending temperature, with tin this effect is 
not observed. 
The effect of stearic acid on removing surface irregulari-
ties was also reported by Shah(88), comparing the effect of 
stearic acid with another lubricant, Acrawax C (a fatty diamide 
that has a significantly longer carbon chain structure than 
stearic acid), in plasticised PVC extrudate. In.this work he 
reported that melt and land fracture are eliminated by the 
addition of stearic acid. 
Land fracture or sharkskin and melt fracture are considered 
manifestations of the viscoe1astic nature of the polymer melts, 
where the elastic nature of the melt is superimposed on the vis-
cous flow. Bowerman and Mck1evey(89) studied the effect of shear 
rate, temperature and polymer molecular weight on the development 
of land fracture (soarkskin) in rigid PVC extrusion. They con-
cluded that land fracture originates within the die at or near 
the die wall. Also for a given die and compound, land fracture 
is shear rate and temperature dependent. In an attempt to relate 
critical shear rate for melt fracture and melt elasticity, 
Gough and Chen(90) determined the critical shear rate for land 
fracture for fourteen rigid PVC formulations. They reported that 
the data showed a great deal of scatter and no statistically signi-
ficant relationship could be found between critical shear rate 
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and elastic modulus. Berens and Folt(19) tried to explain the 
extrudate surface roughness according to the flow mechanism. 
They suggested that flow involves both slippage of the super-
molecular flow units and molecular or segmental deformations 
within these particles. When molecular deformation predominates 
flow is relatively slow, allowing time for molecular deformation 
within the flow units. This deformation results in a build-up of 
stress in the melt as it passes through the die, and it is relieved 
at the die exit by swelling and tearing of the extrudate. When 
flow.occurs by particle slippage on the other hand,_ particle slippage 
~is relieved by elastic stresses on the melt in the die and conse-
quently reduced extrudate swell and roughness. 
~ this work it was shown that the addition of stearic 
acid, in rigid PVC formulation, causes the removal of surface 
irregularities in the extrudates obtained from the blend con-
ta i ni ng Pa ra 1 oi d K175. It was also observed that an increase i n._ 
content as well as an increase in blend dumping temperature 
increases the effectiveness of stearic aCid] ~ increase in _ 
the stearic acid content causes a reduction in melt ViSCOSi091,92). 
see also Table 20.(ihiS reduction in viscosity reduces the stress 
in the melt during extrusion with consequent effect of less inci-
dence of surface fracture leading, therefore, to a smoother sur-
fac;:] Also an increase in dumping temperature from the blender 
increases the effectiveness of the stearic acid in reducing the 
stress in the melt, due to its increase uniformity of distribu-
tion around PVC-particles and so its availability in particulate 
flow. 
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~ese results prove that stearic acid is a better internal 
lubricant than Paraloid K175, which is used as a processing 
aid. Due to the lubrication action of stearic acid, it will 
produce melt with lower stored elastic energy, producing a 
smoother surf~ 
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CHAPTER V 
THE EFFECT OF BLENDING ON THE PROPERTIES 
OF THE FINAL PRODUCT 
5.1 Literature Review of Mechanical Properties 
The mechanical properties of PVC have been the subject of 
study by several workers. The resin type and its molecular 
weight, the type and concentration of additives and the proces-
sing conditions or thermal history, all have an 
the mechanical properties of the final product. 
influence on 
Pezzi n et a 1 (93,) 
,using dry blended suspension PVC (plus stabiliser and lubricant) 
roll-milled at different temperatures with samples subsequently 
compression moulded. They found that, while the increase in 
milling temperature has little influence on the tensile modulus, 
the elongation at break and the fracture energy at any fixed 
strain rate increases. They discussed their results in terms oJ 
the homogeneitYof the specimen increasing with the processing 
temperature, the PVC particle structure disappearing and giving 
gradually a homogeneous melt. 
Malac(94) investigated the influence of the conditions of 
processing (milling time and temperature and compression moulding 
temperature) on some physical and mechanical properties of PVC 
(density, tensile strength, notch impact strength and embrittle-
ment temperature). He related the changes in properties to 
changes in free volume. 
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Shinozaki et a1(95) have investigated the effects of 
various processing parameters (annealing time, molecular weight 
and stabiliser content) on the tensile properties of injection 
moulded tensile specimens of rigid PVC. They reported that, as 
the annealing time increases, density, yield stress and modulus 
increase until a limiting value is reached. They interpreted it 
in terms of annealing relaxing the internal stresses, which are 
introduced into the material in processing, so removing some 
local inhomogenities in the structure. Also they found that the 
yield stress increases while the modulus decreases as the mo1e-
cu1ar weight increases. They interpret the decrease in modulus 
due to change in crystallinity or degree of syndiotacticity of 
the polymer. 
The effect of molecular weight on the mechanical properties 
of the final product has been studied by Kaufman and Yocum(96). 
They reported that all mechanical properties investigated for a 
PVC compound improve with increasing the inherent resin viscosity 
up to an intrinsic viscosity of 0.8. Above that level some of 
the properties level off (shear and tear strength), while others 
continue to improve (brittle temperature and tensile strength). 
Ze1inger et a1(97) studied the effects of different proces-
sing aids on the mechanical properties of the final product in 
the temperature range 20-1200 C. They reported that the mechani-
cal properties are favourably influenced in the high temperature 
region 100-1200 C, by the addition of a processing aid which is 
compatible with PVC. It will ease the breakdown process of the 
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primary particles up to nodular or molecular level and so 
improve the degree of deformabi1ity of the PVC phase itself. 
Marsha11(30) reported that the type and concentration of 
lubricant have an influence on the impact and tensile strength. 
The degree of lubricant compatibility has an effect on the rate 
of fusion. Ga1e( 98) studied the effect of the amount of unfused 
material in extruded rigid PVC on its impact strength. He repla-
ced GMS (glycerine monostearate) by small increments of stearic 
acid,(GMS is more compatible). Extrudates of various quantities 
of unfused material were obtained. He reported that the increa-
sing level of stearic acid with GMS produced a relatively sharp 
drop in impact strength. The fall in impact strength is caused 
directly by the presence of unfused material. The greater the 
quantity. of unfused material the lower the impact strength. 
5.2 Tensile Properties of the Injection Moulded Samples 
For the purpose of studying test specimens, the plaques 
were divided into three parts, see Figure 46. Tensile specimens 
were machined according to British Standards (see Section 3.4). 
Tables 25 and 26 show the results obtained by testing at room 
temperature 20 ± 10 C and Tables 27 and 28 for those obtained at 
60 ± 10 C. From these tables it is difficult to see any effect 
of the dumping temperature on the tensi le properties of the final 
product. From the results of testing at 600 C there is no concrete 
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conclusion concerning the tensile stress at yield or at break, 
although the elongation at break decreases as a result of increa-
sing blending dump temperature. 
FIGURE 46: Schematic Diagram of the Injection Moulded Plaque 
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TABLE 25 
Tensile Strength (measured at yield) of Injection Moulded 
SPVC + Calci.um Stearate + TBLS 
Tested at 20 + 1°C at 6 mm/min 
MN/m2 
Dumping Part of the Plaque 
Temperature 0C 1 2 3 
48 -- 52.80 52.46 52.19 
" 52.50 52.73 53.39 
, 
" 52.02 53.52 54.53 
Av 52.44 52.90 53.37 
-
9:~ 52.07 51.40 52.34 
" 52.12 51.84 51.97 
" 51 .71 52.48 52.51 
Av 51 .97 51.91 52.27 
110 52.23 53.30 52.54 
" 52.10 51.56 51.52 
" 52.26 52.03 51.77 
Av 52.20 52.30 51.94 
Av = average 
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TABLE 26 
Tensile Strength (measured at yield) of Injection Moulded 
SPVC + Calcium Stearate + Stanclere T135 
Tested at 20 ± 1°C 
MN/m2 
Dumping Pa rt of the Pl aque 
Temperature 0c 1 2 3 
55 61.82 61.67 63.19 
" 59.13 61 .15 62.70 
" 61 .31 62.79 58.39 
Av 60.75 61.87 61 .43 
90 59.54 59.72 59.43 
" 59.47 60.40 59.93 
" 59.81 60.77 59.65 
Av 59.61 60.30 59.67 
116 59.39 61 .14 59.80 
" 59.41 60.80 60.02 
" 59.70 60.90 59.92 
Av 59.51 60.97 59.93 
Av = average 
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TABLE 27 
Tensile Properties of Injection Moulded SPVC + Calcjum Stearate + TBLS 
Tested at 60 ± lOC 
Dumping - Pa rt of the Plaque 
Temper- Property 
ature 1 2 3 
oc 
48 Tensile stress at yield MN/m2 25.71 25.90 25.63 
Tensile stress at break MN/m2 28.34 26.66 27.77 
-
% Elongation at break 153 131 146 
94 Tensile stress at yield MN/m2 25.22 25.58 25.22 
Tensile stress at break MN/m2 28.25 27.95 27.79 
% Elongation at break 146 128 142 
110 Tensile stress at yield MN/m2 25.53 26.50 25.21 
Tens il e stress at break MN/m2 28.67 27.72 27.69 
% Elongation at break 130 115 124 
I , 
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TABLE 23 
Tensile Properties of Injection Moulded SPVC + Calcium Stearate + Stanclere Tl3 
Tested at 60 ± 1°C 
Dumping Part of the Plaque 
Temper- Property 
ature 1 2 3 
°c 
,-
55 Tensile stress at yield MN/m2 20.58 21.15 20.98 
Tensil e stress at break , MN/m2 22.55 22.13 22.63 
% Elongation at break 166 D9 162 
-
90 Tensile stress at yi el d MN/m2 21 .46 22.43 21.40 
Tensile stress at break MN/m2 22.74 22.89 22.58 
% Elongation at break 158 150 162 
116 Tensile stress at yi el d MN/m2 20.80 22.31 '21 .15 
Tensile stress at break MN/m2 ' 21.94 22.23 21.59 
% Elongation at break 150 143 161 
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5.3 Fracture Morphology of Rigid PVC 
It is known (99,100,105,106 ) that fracture of many thermo-
plastic polymers is initiated by craze formation, which then 
breaks down to form a crack, i.e. crack growth is preceded by 
craze formation. In the case of rigid PVc, fracture initiation 
and morphology are enigmatic and subject to controversy, due to 
contradictory results which have been published concerning the 
existence of pre-crack crazes in PVC. For example Cornes and 
Haward(lOO), Vincent(107) refer to crazing in rigid PVC, whilst 
Kambour(lOl), Tormala et al(104), found no evidence of pre-crack 
craze formation. 
The work reported herein gives some information about 
the fracture process of injection moulded rigid PVC, hopefully 
it will help in the understanding of the effect of PVC formula-
tions on the fracture process and propagation, where it is repor-
ted here that it depends on the stabiliser used. 
Two samples of injection moulded suspension PVC, with cal-
cium stearate lubricant, but different stabilising systems, were 
used. Sample (a) is tin stabilised and sample (b) is lead stabi-
lised. Tensile testing was carried out on a dumb-bell shaped 
specimen at 600 C using a J J tensile testing machine. Both samples 
were injection moulded under the same conditions (see Table 11), 
and were taken from blends mixed for 15 minutes at 3500 rpm. 
The scanning electron microscope was employed to examine the 
specimen's fracture surface. 
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Figure 48 
(a) 
(b) 
Scanning electron micrographs of the fractured specimens 
showing the cavities at different stages. 
a - tin stabilised 5ax; b - lead stabilised 5ax . 
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Figure 49. 
( a ) 
Scanning electron micrographs of the cavities formed. 
a - tin stabilised 10OX; b - lead stabilised 100x . 
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Figure se 
( a) 
(b) 
Scanning electron micrographs showing the bottom 
of the cavi tie s . 
a - tin stabilised 500x, b-lead stabilised 500X. 
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Figure 51. Scanning electron micrograph or the fibrillar 
structure of tin stabilised specimen 1200X . 
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Ca) 
Figure 52 Scanning ele ctron micrographs or the rracture surrace. 
a - tin stabilised 241 ; b - lead stabilised 24X. 
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We can see from Figure 47 that both samples failed in a 
normal ductile manner, where yielding occurred followed by 
cold drawing and then failure. Sample (a) (tin stabilised) 
yielded and broke at a lower stress than that of sample (b) 
(lead stabilised). Both s-amples had a higher stress at break 
than at yield. The increase in stress (yield to break) was 
higher in sample (b) than (a), see Figure 47, Tables 2Z and 
28. 
Figure 48 shows cavities at different stages of develop-
- -
ment; it can be seen that cavities are initiated, in both 
cases from point nucleation sites. This nucleation mechanism • 
is similar to those reported by Tormala et al(102,103). The 
growth of these cavities is different; in the case of lead 
stabilised samples these openings grow into diamond shaped cavi-
ties, similar to those reported by Cornes and Haward(lOO). In 
their case the diamond shaped cavities were formed within the 
matrix of a craze, while here no craze was formed. The point 
nucleated cavities, in the case of tin, however, do not grow to 
a diamond shape, originally they open in a linear way perpendi-
cular to the tensile or drawing direction. Because there are 
many of these cavities, during their growth they meet each other 
and coalesce in an irregular manner. The shape and orientation 
of the resulting grooves will be dictated by the chan~es of the 
original cavities meeting, see Figure 49. 
The diamond shapes cavities, grow by tearing off the material 
at the bottom of their opening. In both cases the tearing of the 
142 
fibrillar material happens in a direction parallel to the ten-
sile stress axis. A closer examination, Figure 50, shows that 
the methods of tearing off differ, while in sample (b) tearing 
happens from both sides of the cavity, sample (a) appears to be 
tearing from one side of the cavity or peeling off resulting in 
a short fibrillar structure, Figure 51, similar to those repor-
(1 Oq)' ted by Ca11ear and Shortall . This difference in the method 
of tearing or propagation of fracture explains why sample (b) 
has'a higher ultimate tensile strength than that of sample (a). 
Figure 52 shows the fracture surface of both samples, it 
appears trrat the cavities (diamond shaped in sample (b) and 
grooved in sample (a)},grow in size and merge into each other 
forming a macrocrack on both sides of the specimen. A macro-
crack on one side will be joined by the nearest possible macro-
crack on the other side, then the sample fails by shearing the' 
material in between these macrocracks. 
5.4 Compression Moulding 
This process was used in preparing samples because of the 
minimum shear encountered, hopefully enabling blending effects 
to be monitored. Sheets were prepared according to conditions 
stated in Section 2.3.3. In moulding, care has to be taken to 
produce a smooth surface free from trapped air. Figures 53-61 
show the tensile results of the mouldings prepared from the 
powder blends. 
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From Figures 53 an 54 we can see that the increase in 
the degree of blending (dump temperature) causes a decrease 
in the ultimate tensile strength. This happened for both SPVC, 
Figure 53, and MPVC, Figure 54, which were lead stabilised 
and calcium stearate used as a lubricant. All of these samples 
failed in a pure brittle manner, where no yield was shown in 
the load-extension graphs. 
From Figures 55 and 56 it can be seen that the increase 
in the stearic acid content caused an increase in the breaking 
or ultimate tensile strength. The same effect was also exhibited 
as a consequence of an increase in the blending dump temperature 
of those blends containing 1 pphr stearic acid. All of the 
stearic acid series, whether the change was due to change in 
stearic acid content or dumping temperatures, failed in a 
brittle manner, except the sample which was blended at l400 C 
exhibited yielding before fracture, see Figure 57(b). 
In the cases where Paraloid K175 was used, the increase in 
the Paraloid content resulted in a decrease in the ultimate 
tensile strength, Figures 58 and 60. This was clearer in the case 
of the tin stabilised series, Figure 60, and from their load-
extension graphs, it could be seen that the failure changes from 
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a ductile to a brittle failure as the content of the Paraloid 
increases, Figure 57(c). The increase in the dumping temperature 
from the mixer, in the case of the lead stabilised series, 
caused a decrease in the ultimate tensile strength, Figure 59, 
while dumping temperature has no effect on the ultimate tensile 
strength for the tin stabilised blends, Figure 61. All the 
samples which have 5 pphr Paraloid K175 failed in a brittle 
manner. 
5.5 Thermal Properties 
Two techniques were employed in studying the thermal prop-
erties of the powder blends and the compression moulded speci-
mens, these were, differential thermal analysis (DTA) and thermo-
mechanical analysis (TMA). 
From Table 29 we can see that there was no change in the 
Tg of the powder blend, whether -it was dumped at 300 e or at 
l400e from that of the final products. But on comparing the 
thermograms in Figures 62 and 63, it can be seen that the blend 
with high dump temperature (1400 e) has a thermogram closer to 
that of the compression moulded sample. 
No change was observed in the Tg with an increase in dumping 
temperature of the stearic acid series, Table 30. The minimum 
peak which corresponds to the melting of stearic acid, is shown 
in the thermogram of the powder blended at 400e and not in all 
other powder blends, see Figure 64, which shows the thermograms 
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of the powder blends of these series. This indicates that 
when stearic acid has been melted in the blending process, it 
does not retain its identity. This may be explained as the 
stearic acid has been incorporated in the PVC resin. 
While the blend with -lead stabiliser and Paraloid K175 
as processing aid, Table 31, showed no difference in glass 
transition temperature behaviour, the tin stabilised blend 
showed some change, see Table 32. Here an increase in dumping 
temperature decreases. the 19 of the powder blend, bringing it 
closer to the Tg of the moulded sample. 
Thermomechanical analysis was also employed in this study. 
In the case of MPVC and SPVC with calciur,l stearate & TBLS, some results 
showed that there was a decrease in Tg with an increase in the 
blending dump temperature. However these results were not 
completely consistent. Tables 33 and 3A, show some of the 
results for the stearic acid and Paraloid K175 series. From 
these results no change could be detected in the thermomechanical 
properties of the compression moulded sample, where the powder 
was blended to different temperatures. 
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TABLE 29 
Glass Transition of SPVC or:>1PVC +" Calcium Stearate + IBLS Using DTA 
Sample Tg °c 
Powder Blend Compression Moulded 
SPVC" blended to 30°C 83 82 
140°C 83 82 
MPVC blended to 300C 83 82 
140°C 82 82 
~ 
TABLE 30 
Glass Transition Temperature of MPVC + Steari.c Acid + TBLS Using DTA 
Sample Tg °c 
pphr St.Ac Dumpi ng Compression Temperature Powder blend 
moul ded 
°c 
0.25 120 80 82 
0.50 120 81 81 
0.75 120 81 81 
1.00 40 82 81 
1.00 90 82 81 
1.00 120 81 81 
1.00 140 81 82 
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TABLE 31 
Glass Transition Temperature of MPVC + Para10id K175 + TBLS 
USlng DUi 
Sample I Tg °c 
pphr Para 1 oi d Dumping Compression K175 Tempera ture Powder blend 
°c maul ded 
1 120 83 80 
--
3 120 79 80 
, 5 25 83 78 
5 90 84 80 
5 
- 120 83 80 
5 140 83 80 
TABLE 32 
Glass Transition Temperature of MPVC + Para10id K175 + Stanc1ere 
f135 Us lng OTA 
Sample Tg °c 
pphr Para10id Dumping Compression 
K175 Tempera ture Powder blend mou1 ded oc 
1 120 73 66 
3 120 75 64 
5 25 84 69 
5 90 77 68 
5 120 75 66 
5 140 73 66 
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TABLE 33 
Thennomechanica1 Analysis of MPVC + Stearic Acid + TBLS 
Sample Dumping I Softeni ng 
pphr St.Ac Tempera ture Tg °c Temperature 
°c °c 
-
. 0.25 120 70 175 
0.5 120 73 176 
0.75 120 75 179 
1.0 40 - 71 180 
1.0 90 70 179 
1.0 120 70 179 
1.0 140 . 71 179 
TABLE 34 
Thennomechanica1 Analysis of the Para10id K175 Series + MPVC 
Sample Dumping Softening i 
I pphr Para10id Temperature Tg °c Tempera ture °c oC , I 
I 
1 120 73 i , , 
Lead 3 120 74 177 i 
Stabil i- 5 25 73 173 i 
sed i 05 90 71 177 I i 
5 120 I 69 167 
5 140 I 70 181 
I I 
I I 1 120 ! 66 177 , 
I Tin I I Stabil i- 3 
I 
120 65 I 175 I 
sed I I 5 25 , 65 
I 
180 
, ! 
I I 90 66 180 I 5 
I 
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5.6 Discussion 
Injection moulding of powder blends moulded at the same 
conditions, revealed that no change could be detected in their 
tensile properties, due to different blending temperature. 
In a study reported by Szamborski (1), comparing some physical 
properties of injection moulded parts made from powder blends 
and pellets, ~e showed that the tensile properties, deflection 
temperature under flexural strength and glo.ss are similar. 
Gale(47) in his work on the extrusion of rigid PVC dry blend, 
, found that the location of the full gelation point moves along 
the screw-as a function of the blending temperature; he also 
reported that this difference is very small compared with the 
total screw length. In the case of injection moulding where 
higher shear is encountered, the gelation points will be closer 
to each other, or they might even coincide. This will make the 
difference in the heat history of the final products minimal. 
So the injection moulding process will mask the difference bet-
ween blends. 
Studies of the fracture surfaces of tensile samples com-
pression moulded at different temperatures (160-2200 C), showed 
that the changes of mode of failure from brittle to ductile 
manner depended on 
parti cul a ry (81 ) . 
whether the fracture occurred intra or inter-
The work reported 
herein, was fo.r samples co.mpressio.n mo.ulded at 1800.C, the 
particle bo.undaries do. exist in the mDulded samples, Figure 65, 
so. tensile strength is a measure o.f the resistance o.f the parti-
= 
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Figure 65 An optical micrograph of compression moulded section, 
using interference light transmission technique x 210 
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cu1ate structure to come apart. It is a measure of the effec-
tiveness of additives, under temperature and pressure, on the 
cohesiveness of PVC particu1ate, and also their effect on the 
degree of fus i on. In other words, it is a measure of two 
factors, firstly the distribution and incorporation of the addi-
tives' into the system and secondly, their effect on the cohesion, 
i.e. how much the lubricant or stabiliser causes the particles 
under pressure and heat to come together. A measure of the 
resistance that the PVC pa~tic1es exhibit to come together is 
measured by the maximum torque at fusion, in the Brabender data. 
By examining the tendencies in the trend of maximum torque at 
fusion and that of ultimate tensile strength, it could be seen 
that there is a relationship between these results, but it should 
be noted that the Brabender results are measured under shear con-
diti ons. 
James et a1(109), related SPVC extrudate toughness with the 
temperature of extrusion. The higher the extrusion temperature, 
the tougher the extrudate, due to the agglomeration of the 2 ~m 
globules, and to a more homogeneous melt. In PVC materials where 
the globules of 0.1-2 ~m exist, the capillary force system, the 
mechanism which keeps moist sand together owing to capillary 
forces,cou1d explain part of the cohesiveness of these materials, 
another part is the coupling of the interglobular materia1(1l0). 
In the case of compression moulding the cohesion of PVC material 
is due to the interdiffusion of PVC particu1ate 
Comparing Figures 54 and 56, we can see that the increase 
in the effectiveness of stearic acid will cause an increase in the 
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ultimate tensile strength opposite to the effect of calcium 
stearate. This result confirms, to some extent, . the 
Brabender data, and shows that stearic acid is a more effective 
internal lubricant than is calcium stearate. Paraloid K175 is 
a processing aid and appears to lead to lower interparticulate 
fusion causing a decrease in the ultimate tensile strength, 
Figures 58 and 60. This effect was seen in the lead stabilised 
series, i.e. lncrease in dumping temperature lead to lowering 
in the ultimate tensile strength, Figure 59. While in the case 
of tin stabilised MPVC + Paraloid K175, two factors affect PVC 
particulate fusion, the tin stabiliser, which is soluble in PVC 
particle and the Paraloid 175, which is a processing .aid. 
In studying the fracture process of the injection moulded 
samples, it was seen that the stabiliser used had an influence 
on fracture morphology. Whilst both samples, the tin and lead 
stabilised, failed in a simple ductile manner with point-like 
nucleation cavities starting at the surface of the specimens. 
The opening of these cavities and the method of tearing of the 
material, i.e. propagation of fracture, differs. This difference 
in fracture propagation suggests that the intermolecular as well 
as the interglobular forces in the final product differ. Further 
work is needed to clarify this, because the organotin stabiliser 
is in the liquid form and soluble in PVC particle, while the TBLS 
is in powder form and insoluble. The difference in fracture 
propagation could account for the higher tensile strength of the 
lead stabilised compound, compared with the tin stabilised. 
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In the thermal analysis studies, it was shown that the Tg 
of the powder blend, containing Stanclere Tl35, is affected by 
dumping temperature from the mixer. Previously McKinney(lll) 
reported that, whereas a barium-cadmium stabiliser has no effect 
on Tg of the PVC resin at 5 phr, both the organic phosphite 
and the organotin stabil iser act as plasticising agents and lower 
the glass transition temperature by 1O-20oC. The same author(1l2), 
using differential thermal analysis, concluded from his work on 
dry blending of plasticiser and PVC resin, that if the drY-blen-
. . 
ding is carried out properly, the Tg of the dry blend particles 
should approach the Tg of the final completely gelled PVC-
compound. 
From the work reported, it could be concluded that the lead 
stabiliser does not affect the Tg of the PVC material as much 
as that of the organotin. Glass transition temperature marks the 
onset of motion of polymer chain segments. The decrease in Tg of 
the powder blend, due to an increase in the dumping temperature 
from the mixer, could be explained asan increase in the efficiency 
of the stabiliser in decreasing the intermolecular forces. This 
means that the availability of the organotin stabiliser to the 
polymer chain has increased i.e. its stabilisation effect coupled 
with an increase in blending and blending temperature, is an 
increase in the uniformity of distribution of the tin stabiliser. 
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CHAPTER VI 
6.1 General Discussion and Conclusions 
Processing PVC materials in the powder form has many advan-
tages; these were discussed in Section 1.4.3. The introduction 
of the high-intensity mixer was a breakthrough in PVC compounding, 
since such a unit can take the place of several ribbon mixers, 
leading to lower equipment cost, floor space requirements and 
total, energy usage. This work was carried out to study the 
effect of blending temperature in a high intensity mixer, on 
the properties of the powder blend and final product of some 
rigid PVC formulations. 
Dry powder blends were prepared in the Fielder high-intensity 
mixer. Powder properties investigated were bulk and packing (tap) 
dens iti es, parti cl e size di stributi on and thei r pourabi 1 i ty. 
Capillary flow and the Brabender torque rheometers were used in 
studying the melt processability.of the powder blends. From the 
densities and pourability measurements we can see that the bulk 
density of the powder blend increases with an increase in dumping 
temperature from the mixer. The rate and pattern of increase was 
greatly dependent on the type of additives used and the·-range .of 
dumping temperatures at which the bulk densities were measured. 
It was reported that an increase in the bulk density of the dry-
blended powder will increase the output rate of extrusion. So an 
increase in blending temperature will eventually result in an 
increase in the extrusion rate. 
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The increase in bulk and packing densities was attributed 
to changes in the ratio of coarse to fine particles. Where 
a decrease in the number of coarse particles will lead to a 
decrease in the number of voids in the blend and an increase 
in the fines will fill these voids, leading to a higher weight 
per unit volume. It was also found that the PVC particle sur-
face texture has a great influence on the packing and pourability 
of the powder blend. 
The particle size-distribution (PSD) of the powder blend was 
only slightly affected by their dumping temperature from the mixer. 
It could be seen that the PSD of the basic resin was a dominant 
factor in determining the PSD of the blends. The change was 
observed as a decrease in the peak and a change from coarse to 
finer particles, and in some instances a narrowing of the PSD_ 
occurs. This change was used to account for the changes observed 
in densities of the powder blend. 
The interparticulate bombardment and the ease with which the 
particles move has an effect on the rate of temperature increase 
of the blend during the process of blending. It was found that 
increasing the level of the processing aids results in a more rapid 
rise in the temperature of the blend. 
From the Brabender work it was seen that the effect of the 
change in lubricant content (stearic acid) or processing aid 
(Paraloid K175) on the fusion behaviour of the powder blends, was 
more pronounced than the effect of dumping temperature from the 
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mixer, at the same level of lubricant or processing aid. When 
there was a change in the fusion data due to dumping temperature, 
it was seen in the time and torque at fusion, while there was no 
change in the equilibrium torque which is equivalent to the vis-
cosity of the blend. The change in the fusion data is attributed 
to an increase in the efficiency of lubricant or processing aid 
and so their influence on the particulate flow of the PVC 
materi'al. In some instances it was seen that the general shape 
of the plastogram gives more information about the .fusion beha-
,viour of the powder blend than the numerical data. 
The shear stress - shear rate results had shown that the increase 
in dumping temperature from the mixer caused a slight increase in 
extrusion pressure. This was attributed to an increase in the heat 
history of PVC particles. 
Another result was reached from the capillary flow rheometer 
concerning the surface appearance of the extrudate. It was found 
that, using stearic acid as lubricant removes the surface irre-
gularities encountered in extrudates containing Paraloid K175.' 
It was also seen that blending has an effect on the efficiency of 
stearic acid in producing a smooth surface. This effect due to the 
addition of stearic acid was observed in the shear rate range 
100-1.000 sec- l , while at lower shear rates the effect was not 
observed. This is explained as at low shear rate, lower stress is 
needed for extruding so there was not enough stored stress in the 
extrudate to be relaxed upon extruding from the die. 
In the case of stearic acid blends, it was possible to show, 
by examining the PVC particles after blending, through scanning 
= 
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electron microscopy, that blending will increase the degree of 
dispersion (of the lubricant) on the PVC resin particle and so 
increases its availability in processing. 
To study the effects of the degree of blending, i.e. at 
di fferent b 1 endi ng temperat-ures, of PVC resi n and other additi ves 
on the final product, two methods were used to prepare the final 
product, injection and compression moulding. Samples produced 
through compression moulding have shown that their ultimate ten-
sile strength is dependent o~ the dumping temperature of their 
powder blends. Products which were injection moulded all have 
similar tensile properties. This was attributed to the 
shear mixing action encountered in the injection'moulding machine 
for the blend. The change in ultimate tensile strength for the 
compression moulded sample is due to the increase of the efficiency 
of additives in the material, as a result of an increase in the 
blending level, and so their contribution to the degree of cohe-
sion of the moulded material. 
Studies were conducted to illustrate the effects of stabiliser 
type on the fracture process of injection moulded samples. It 
was found that fracture propagation is influenced by the stabi1.iser 
used, this difference could account for the difference in tensile 
strength. Tormala et al (10,2,103) concl uded that the fracture 
morphology depends upon the molecular weight and molecular weight 
distribution of the PVC resin used. From the present work, it can 
be concluded that it also depends on the formulations used. Haward 
et al (10 C}, reported that fracture of rigid PVC starts by crazing 
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in the sample, under tension, followed by an opening of a diamond 
shaped cavity, within the craze, from which fracture occurs. 
In this work no craze was formed, so it could be concluded that 
craze formation is not an essential precursor to the diamond-
shaped cavity formation. It was also seen that initiation of 
fracture by point-like nucleation sites, similar to that reported 
by Tormala et al (lO:~) start at the surface of the specimen. This 
could explain why rigid PVC is a notch sensitive material. 
, 
,From the thermal properties studied, it was shown in some 
cases, where calcium stearate is used as a lubricant and tribasic 
lead sulph~te as a stabiliser, that the shape of the thermogram 
is an indication of the blending state. Where it was seen that the 
thermogram of the powder blended to 1400 C is similar to that of the 
compression moulded specimens. It was difficult to suggest any 
clear explanation for this result, because it was not followed by 
other blends in this study. Another important conclusion was 
reached concerning the change in the glass transition temperature 
of the powder blend with dumpi ng temperature from the mi xer. It 
was found that it is greatly dependent on the type of stabiliser 
used. In all cases when using TBLS as a stabiliser there was no 
significant change of Tg of the powder blend with different dumping 
temperature, whilst when using an organotin stabiliser (Stanclere 
Tl35) , which has a plasticiser effect in the PVC resin, it was found 
that increasing the dumping temperature causes a decrease in the 
Tg of the powder blend and putting it closer to the Tg of the 
final compression moulded specimen. 
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6.2 Recommendations for Further Work 
In this work simple formulations were investigated, where 
only PVC resin is blended with stabiliser and a lubricant or 
a processing aid. It was seen that the formulations have an 
effect on the powder blend properties, so it would be of impor-
tance to study the effects of blending conditions of several 
ingredients with PVC resin on the powder blend and final product 
properties through several processes. By investigating more 
complicated systems, work could be carried out on the effect of 
the sequence of adding the additives,on the properties of both 
powder blend and final product. For example, it was recommended 
that internal lubricants should be added at the start of the 
blending operation while that of external nature be added later(l13). 
Another additive which is of great importance in rigid ·PVC formu-
lations, is the impact modifier. The effect of blending variables 
on the final product properties could be more illustrated by blen-
ding the impact modifier at different conditions and looking at 
the impact strength of the final product. 
Further microscopic work needs to be done to follow the 
distribution of additives on the PVC particle, with different 
degrees of blending; also to study the degree of penetration of 
additives in the resin as a function of blending. Scanning-
tranmission electron microscopy with X-ray emission in scanning 
or transmission mode would be of great help. A study of the 
distribution of additives in the final product, with different 
blending conditions and its effect on the final product's mecha-
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nical properties, needs to be carried out. Further microscopic 
work is recommended on the injection moulded sample with diff-
erent stabilisers, to study their fusion and method of gelation. 
Future work may be useful in pursuing the idea of electro-
static mixing (which relies on charging some particles nega,tively 
and others positively and then allowing them to combine) and 
find out its applicability to the blending of PVC formulations. 
This idea has already been applied on mixing particles of identi-
cal size and weight, in approximately equal proportions (11 4) . 
,Tucker and Suh(l14) obtained in their reported work mixtures 
whi ch are .better than those produce<d,.· by any conventi ona 1 devi ce. 
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